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ABSTRACT
Diversity, Biogeography, and Geochemical Habitat 
of Korarchaeota in Continental Hot Springs
by
Robin Lea Miller
Dr. Brian Hedlund, Committee Chair 
Professor of Biology 
University of Nevada, Las Vegas
Microorganisms have traditionally been characterized based on their morphology and
physiology. However, this formula does not account for the importance o f a
microorganism’s habitat, which is intimately linked to its physiology. The Korarchaeota
comprise a deeply branching archaeal lineage that has proven to be difficult to isolate
and, consequently, has remained uncharacterized until recently. The aim o f this study
was to evaluate the physicochemical and biogeographical distribution of Korarchaeota in
hot springs of the Great Basin and Yellowstone National Park. Ninety-nine sediment
samples were collected from hot springs with temperatures ranging from 40.7-94.3°C and
pH ranging from 1.3-9.2, while recording as many coincident chemical properties as
feasible. Polymerase chain reaction was used to screen samples for Korarchaeota 16S
rRNA genes, and products were sequenced and phylogenetically analyzed. The resultant
data set identified novel korarchaeal phylotypes and showed that korarchaeal phylotypes
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The domain Archaea was distinguished from the domain Bacteria in the late 1970s 
when Woese constructed the first “Universal Tree of Life” from small subunit ribosomal 
RNA sequences (69). Woese proposed that all organisms on Earth belonged to three 
lineages of descent, the Archaea, the Bacteria, and the Eukarya (70). This replaced the 
formerly used system of classification, the so-called Five Kingdom System of 
classification, which grouped all prokaryotes into the Kingdom Monera (27, 68). Several 
characteristics distinguish the two prokaryotic domains (Archaea and Bacteria). Archaea 
traits include cell walls without peptidoglycan, ether-linked lipid membranes, RNA 
polymerases that are more structurally complex than that of Bacteria and similar to those 
of Eukaryotes, and ribosomal proteins that are functionally more similar to Eukaryotes 
than Bacteria (39). The archaea have been further divided into two phyla, the 
Euryarchaeota and the Crenarchaeota, based on 16S rRNA gene sequences (70). These 
two phyla are composed of a wide variety of extreme environment-loving 
microorganisms and microorganisms from less extreme environments (52).
The Crenarchaeota include one formally described class and three formally described 
orders, each of which are obligate or facultative chemolithoautotrophs found exclusively 
in high temperature habitats (11). The Sulfolobales include thermoacidophiles, most of
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which have energy metabolisms involving sulfur or iron oxidation/reduction (11). The 
Thermoproteales and Desulfurococcales are neutrophilic rods and cocci, respectively, 
found in terrestrial and submarine hydrothermal sources (11,39). A fourth order of 
Crenarchaeota, “Nitrosocaldales”, was recently described to include the thermophilic 
ammonia oxidizing archaeon “Nitrosocaldus yellowstonii” (21). Ammonia oxidizing 
Crenarchaeota are also ubiquitous in soils and aquatic habitats worldwide, including low 
temperature habitats (10).
The Euryarchaeota include eight formally described classes that belong to four major 
physiological groups (11). The methanogens comprise four classes, Methanobacteria, 
Methanococci, Methanomicrobia, and Methanopyrales, and are strict anaerobes that 
convert CO2 and Hi or simple organic compounds such as acetate, formate, or 
methylamine to CH4 gas (11). They are found in animal digestive tracts, sewage sludge, 
anoxic sediment and geothermal sources (39). The halophiles comprise the class 
Halobacteria and are traditionally reported to require at least 1.5 M (9%) and up to 5.5 M 
(32%) NaCl in order to grow. They inliabit extremely saline environments such as the 
Great Salt Lake and the Dead Sea (39). However, a recent report described halophilic 
archaea growing at seawater salinity, (49) so it is possible that Halobacteria also occupy 
less saline niches. The acidophiles comprise the class Thermoplasmata. These 
organisms lack cell walls and grow optimally at very low pH (11). Common habitats for 
acidophilic Euryarchaeota are coal refuse piles (39) and acid mine drainage (6). 
Additional Euryarchaeota include thermophiles and hyperthermophiles within the class 
Archaeoglobi, which are sulfate reducing organisms, and the class Thermococci, which 
are chemoorganotrophic (11, 39). In addition, thermoacidophilic Euryarchaeota from
deep sea hydrothermal vents have been recently isolated and described as 
“Aciduloprofundum boonei.” These organisms likely represent a new class- or order- 
level group within the Euryarchaeota (54).
The Euryarchaeota and Crenarchaeota represent the well established archaeal 
lineages; however, recently two additional archaeal phyla have been proposed, the 
Nanoarchaeota and the Korarchaeota. The Nanoarchaeota were detected in a submarine 
hot vent off the coast o f Iceland growing parasitically attached to the crenarchaeote 
Ignicoccus (31). These nanosized (-400 mn in diameter) spherical hyperthermophiles are 
obligate symbionts to Ignicoccus and contain the smallest genome o f any known 
microorganism (0.49 Mbp) (31). The Korarchaeota represent a more diverse group of 
microorganisms discovered by community sampling of 16S rRNA genes within hot 
springs.
Discovery and phylogeny of Korarchaeota
The first Korarchaeota sequences were detected in 1994 by a 16S rRNA gene survey 
of Obsidian Pool hot spring in Yellowstone National Park (8). The study of this neutral 
pH hot spring laden with obsidian sand and unusually high iron revealed a large number 
of distinct archaeal sequences (8). Phylogenetic analysis placed two clone types, pJP27 
and pJP78 with order- to family-level nucleotide differences clustering deeply within the 
Archaea (8). These two clones had no affiliation to any known cultivated sequences (8). 
Further phylogenetic comparative analysis of the 16S rRNA gene favored monophyletic 
placement of these sequences deep within the Archaea (7). This provisional new phylum 
of Archaea was named Korarchaeota from the Greek noun (koros) meaning “young
man” or (kore) meaning “young woman” representative of their early divergence and the 
Greek adjective (archaios) meaning “ancient, primitive” (7).
The phylogenetic placement of Korarchaeota has varied greatly depending on the 
data set and analytical metlrod used. They have branched everywhere from within the 
Crenarchaeota, within the Archaea before the bifurcation of the two phyla, and within the 
domain Eukarya with the most common placement either as a sister group to both 
Crenarchaeota and Euryarchaeota or deeply within the Crenarchaeota (4, 7, 50, 52). 
Regardless of the uncertainty associated with the precise phylogenetic position of the 
Korarchaeota, these sequences are representative of a fundamental lineage of Archaea.
A greater understanding of this group may provide additional insight into ancient life on 
the planet and the nature of life at high temperatures today.
Cultivation and quantitation o f Korarchaeota
In an effort to better understand these organisms, Burggraf et al. cultivated 
Korarchaeota related to clone pJP27 as an anaerobic mixed culture in the laboratory (13). 
Anaerobic water was inoculated with sediment samples from Obsidian Pool in a 
chemostat maintained at 85°C and fed a low-salt medium supplemented with 0.001% 
yeast extract, 0.005% peptone and 0.005% NazSzO] (13). The continuous culture 
developed a complex community that remained stable for over a year, as determined by 
whole-cell hybridization with fluorescently labeled probes (13). Polymerase chain 
reaction (PCR) with Korarchaeota-sp>e.c\fic primers was used to verify the presence of 
Korarchaeota twice monthly, which produced sequences identical to clone type pJP27 
(13). The absence of pJP78 was explained by preferential amplification of the pJP27
PCR product (12). Quantitative PCR with an internal standard indicated that DNA 
prepared from the chemostat contained 4.7 fg and 0.9 fg of pJP27 and pJP78 16S rRNA, 
respectively, per ng of total DNA. These sequences represented a minute (<0.001%), yet 
stable constituent within the chemostat (12).
The distribution and phylogeny o f Korarchaeota 
Subsequent to the discovery of Korarachaeota in Obsidian Pool, several other 
researchers have reported on the recovery of Korarchaeota from a variety of other 
geothermal habitats, freshwater and marine (Table 1). Table 1 includes all Korarchaeota 
16S rRNA gene sequences deposited in the National Center for Biotechnology 
Information (NCBl) database (http://www.ncbi.nlm.nih.govl as of June 2008, excluding a 
few potentially chimeric sequences and the sequenced genome. Korarchaeota have only 
been detected in high temperature hydrothermal settings > 52°C.
TABLE 1. Korarchaeota clones and references with sample locations and chemical 
and physical characteristics of the environments where they were found.
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EPR 9°N mossy orange-brown 
flocculent
>110 nd (23)
plta-vinat-44 Japan (Taketoini Island) shallow vent mat 52 6.6 (29)




<3 IT A83 (45)
pOW A19
pOW A54





Japan (S. M ariana 
Trough)
sulfide structure nd nd GenBank
C1R025 G ulf o f  California 
(Guayinas Basin)
olive sediment nd nd (63)





V ulcPlw.226 Italy (Vulcano Island) geothermal well fluid 56.4 5.84 (53)
2 0 a-1 Aegean Sea (Greece) shallow vent 
sediment
nd nd GenBank











Park (YNP) (Obsidian 
Pool)
black sediment 74 7.6 (8)
YNP ObP A42 YNP (Obsidian Pool) black sediment 79.9 6.5 (44)
pBA5 YNP (Calcite Springs) black filaments 83 7.6 (50)
W B3D010
W B3D012
YNP (W ashburn Spring) sediment 86 6.2 (56)
KorYOl YNP (Angel Terrace) white filaments 73.5 6.4 (4)
KorY03 YNP (W ashburn Inkpot) gray mud 84.8 6.5 (4)
KorY42A
KorY42B
YNP (Hot Spring Basin) gray/yellow filaments 64.5 5.9 (4)
KorY55 YNP (Cascade Corner) white filaments 55 5.6 (4)
KorYSO.S YNP (Belcher) gray powdery 
filaments
67.5 6.6 (4)
KorY38 YNP (Joseph's Coat) white filaments 67.3 6 (4)
KorY41A
K orY41B
YNP (Shoshone) gray sediment 77 6.5 (4)
pUW A43
PUW A9'’
Japan (Mt. Unzen) filtered hot spring 
water
84-93 2.8 (62)
ST89'’ Iceland (Eyjafjordur) smectite cone vent 
fluid
71.4 10.03 (41)
SRI306 Iceland (Grensdalur) white filaments/gray 
gelatin
67 6.7 (55)
OlA-11 Iceland (Hengill) short pink-grayish 85-88 6.9 (30)
01A -43C filaments
Other
O UTa24 Sulfide-microbial mineral surface nd nd GenBank
0 U T a l3  incubator




“temp is representative of vent fluid, not sediment; sequences <500bp not included in 
phylogenetic analysis; nd, no data. Korarchaeota sequences from terrestrial hot springs 
in Kamchataka, Russia, and Iceland (35) are not included in the table because they have 
not been published or deposited in Genbank. Modified from Auchtung (4).
In 2006, a 16S rRNA phylogenetic investigation of Korarchaeota was reported (4). 
Korarchaeota-spe.c\ï\c primers were used to investigate 63 diverse environments 
including compost, plant leaves, flower petals, tree bark, human saliva, biofilms on 
computer mice, a mosquito, soil, sand, river water and sediment, lake water, sea water, 
37°C spring water, 57°C tap water, 60 and 90°C steam exhaust biofilms, deep-sea 
hydrothermal vent niches and hydrothermal features in Yellowstone National Park (YNP) 
(4). Nine sequences were identified in 8 of 41 YNP samples examined. These included 
Angel Terrace, Washburn Inkpot, Hot Spring Basin, Cascade Corner, Belcher, Joseph’s 
Coat, and Shoshone hot springs with temperatures ranging from 55-84.5°C and pH 
ranging from 5.6-6.6 (4). A tenth putative Korarchaeota sequence was detected in a 
submarine sulfide chimney surface in the East Pacific Rise (4). These sequences were 
phylogenetically analyzed along with eighteen previously published sequences believed 
to be in the Korarchaeota clade (4). The phylogenetic analysis resulted in 4 major 
groups (4). The phylogénie distribution of Korarchaeota correlated with the 
geographical distribution of the clones.
7
Group one included sequences related to clone pJP78 from terrestrial sources in YNP 
and Iceland (4). Clones OIA-I I, 0IA-43I and SRI306 were detected within filamentous 
mats in two studies of pH neutral Icelandic hot springs with both high sulfide (12 mg/L) 
at 67°C and low sulfide (I.7mg/L) at 85-88°C (30, 55). Another clone type in group one 
(ST89) was detected in the vent fluid from submarine smectite cones in Eyjafjordur, 
Northern Iceland, which were created by hot fresh water discharges, creating a unique 
community of submarine thennophilic organisms o f terrestrial origin (41). A thorough 
investigation of the chemical composition of the submarine vent fluid in comparison to 
the seawater and terrestrial geothermal water supported their findings. Group one also 
included seven YNP hot spring clones (KorYOl, KorY03, KorY42A, KorY55,
WB3D0I0, WB3D0I2 and pJP78), which were all nearly identical to clone pJP78 (4). 
DNA was isolated from black, white, yellow and gray filaments, as well as mud and 
sediment sample types. The temperature of the hot springs ranged from 55-86°C, with 
pH ranging from 5.6-7.6.
Group two included seven YNP hot spring clones (KorY50.5, KorY42B, KorY38, 
KorY4IA, pBA5, pJp27 and KorY4IB), which were all nearly identical to clone pJP27 
(4). DNA was isolated from black, white, yellow and gray filaments, as well as sediment 
sample types. The temperature of the hot springs ranged from 64.5-83°C, with pH 
ranging from 5.9-7.6.
Group three included eight closely related but distinct sequences from hot springs and 
submarine vents in Japan, as well as submarine vents in the East Pacific Rise (EPR) off 
the western coast of Mexico and Guaymas Basin in the Gulf o f California. This group 
had 91-93% identity with pJP27 and 90-92.5% identity with pJP78. Clones pUWA43
and pUWA9 were extracted from acidic (pH 2.8) filtered hydrothermal fluid (84-93°C) 
from a hot spring at Mt. Unzen, Nagasaki Prefecture, Japan (62). Two more clone types 
(pOWA54 and pOWA19) were identified in shallow submarine vent fluid at 128°C at 
Tachibana Bay; however, Korarchaeota remained undetected in adjacent 25-75°C 
sediment (62). Two clones with -97.5%  sequence identity (pEPR153 and pEPR152) 
were reported in a vent cap collecting hydrothermal fluid between 50-100°C in the EPR 
(46). Korarchaeota clone Kor9NEPR was identified in a sulfide chimney surface with 
hydrothermal fluid ranged from 2-370°C (4). A single clone (C1R025) was detected 
among a predominantly anaerobic methane oxidizing community in a sediment core from 
the Guaymas Basin hydrothermal system, however, no temperature or pH was 
documented (63).
Group four included only two clones with <95% sequence identity to each other or to 
any other Korarchaeota clones. One clone type (pCIRA-R) was detected in the Kairei 
hydrothermal field in the Central Indian Ridge (CIR) from the surface of the Fugen 
sulfide chimney (60). Limited vent emission chemistry was included in the study, but pH 
and temperate at the sampling site were not recorded. The other clone type (20a-1) was 
detected in the Aegean Sea from an unpublished study.
Additional sequences not included in the 2006 Korarchaeota phylogenetic analysis 
have been documented. Korarchaeota. were detected in both shallow and deep-sea 
submarine hydrothermal systems off the coast of Japan with pH ranging from 4.8-8.7 (29, 
45). One clone type (plta-vmat-44) was obtained from a shallow vent mat within a coral 
reef off Taketomi Island, Japan at the lowest recorded temperature thus far known to 
support the Korarchaeota (52°C) (29). Another clone type (lA N I-I) was detected in the
exterior of a large deep-sea sulfide mound (North Big Chimney) from within the Iheya 
North hydrothermal field in the Mid-Okinawa Trough, which expels hydrothermal fluid 
up to 311 °C (45). Both of these studies were accompanied with limited chemical 
compositions of the vent fluid.
A single clone (VulcPlw.226) was detected in filtered hydrothermal fluid from the 
Pozzo Istmo geothermal well in the Baia di Levante on Vulcano Island, Italy (53). Its 
closest relative (96% identity) was clone 20a-1 from the Aegean Sea. The study 
incorporated extensive analysis of geochemistry and reaction energies with archaeal 
diversity to reveal potential metabolisms that could be used by the microbial community 
(53).
Three clone types (a87R6, a87R58 and a87Y34) were detected by a molecular survey 
of the archaeal 16S rRNA gene in mossy orange-brown flocculent material expelled from 
a fault escarpment within the basaltic flanks of the East Pacific Rise (23). When samples 
were taken, there was no evidence of hydrothermal venting, so temperature and chemical 
composition of the hydrothermal fluids could not be measured. However, mineral 
analysis led authors to speculate that the source waters were >110°C (23).
Another study, yet to be published, detected the presence of Korarchaeota 16S rRNA 
gene sequences in 9 of 16 hot springs in the Hveragerdi region of Iceland and the 
Kamchatka Peninsula in Russia with temperatures ranging from 8I-85°C and pH ranging 
from 2.5-6.5 (35). Phylogenetic analysis of the Icelandic sequences grouped them with 
previously published Icelandic sequences; however, the Kamchatka sequences 
represented a new distinct cluster within the phylum (35). These sequences have not 
been deposited into GenBanlc and are currently unavailable.
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Morphology of Korarchaeota 
To gain additional insight into Korarchaeota, Elkins et al. (24) established a 
continuous enrichment culture of Korarchaeota from Obsidian Pool, YNP, using the 
general approach of Burggraf (13, 24). 16S rRNA gene analysis revealed that the 
community contained clone types similar to Thermosphaera, Thermofilum, Pyrohaculum 
and Archaeoglohus and a korarchaeal clone type (pOPF_08) that was 99% similar to 
pJP27 (24). Attempts to isolate the microorganisms failed. However, the authors were 
able to visualize the cells by fluorescent in situ hybridization (FISH) with Cy3-labeled, 
Korarchaeota-speciiic oligonucleotide probes (Fig. I) and discovered the 
microorganisms could withstand high concentrations o f sodium dodecyl sulfate (SDS) 
(24). Thus, a physical purification strategy was established by washing the cells in 0.2% 
SDS followed by 0.45 pm filtration, resulting in cell preparations in which over 99% of 
sequenced clones identical to the I6S rRNA sequence of Korarchaeota clone pOPF_08 
(24).
The physically isolated Korarchaeota were visualized by phase contrast and 
scanning and transmission electron microscopy and were described as highly unusual, 
ultrathin, filamentous cells approximately 0.16 pm in diameter with an average length of 
15 pm, but up to 100 pm long (Fig. I) (24). The presence of a densely packed crystalline 
S-layer is likely responsible for the structural integrity of the cells (24). Cells physically 
isolated from the enrichment cultures were used in whole-genome shotgun sequencing to 
assemble the entire pOPF OS genome, “Candidatus Korarchaeum cryptofilum” (Ca. K. 
cryptofilum) (24). Candidatus status is often given when a genus or species is well 
characterized, but unculturable. In this case the inability to maintain a pure culture of
II
Korarchaeota warrants the nomenclature. The etiology of the proposed species name 
“cryptofilum” comes from the Greek adjective (kryptos) meaning “hidden” and the Latin 
noun (filum) meaning “a thread” (24).
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FIG. 1. (From Fig. 1 in Elkins et al. 2008) Microscopy o f  
“Ca K. cryptofilum.” (a) FISH analysis with Cy3-labeled 
oligonucleotide probes. The undulated cell shape resulted 
from drying o f the cell prior to hybridization. Scale bar 
represents 5 pm. (b) Phase contrast image. Scale bar 
represents 5 pm. (c) Scanning electron micrograph, (d) 
Transmission electron micrograph showing crystalline S- 
layer. Cells were flattened, which increased their 
thickness.
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Physiology of Korarchaeota 
The 1.59 Mb, 49% G + C genome of “Ca. K. cryptofilum” has been analyzed for 
gene content to attempt to predict its physiology (24). 1382 of the 1617 (85%) predicted 
protein coding genes were assigned to archaea-specific Clusters of Orthologous Groups 
(arCOGs). A potential in-silico metabolism based on predicted gene functions suggested 
these organisms grow heterotrophically obtaining carbon and energy through 
fermentation of peptides and amino acids (24). Predicted proteins for energy metabolism 
included ATP binding cassette (ABC)-type oligopeptide transporters and an oligopeptide 
(OPT)-type symporter that could import oligopeptides and short peptides, which would 
be hydrolyzed to amino acids by over a dozen peptidases (24). These amino acids could 
be further passed through the glycolytic pathway by an aminotransferase, oxidoreductase 
and acyl-CoA synthetases to the only terminal reduction reaction predicted, hydrogen 
production via [NiFe]-hydrogenases (24). There was evidence of proton translocation 
through a NADHiquinone oxidoreductase complex and ferrodoxin-mediated electron 
transfer to the respiratory chain, where an archaeal-type proton-transporting ATP 
synthase could generate ATP via anaerobic respiration (24). Predicted proteins 
composing the ribosome and RNA polymerase were similar to those in Crenarchaeota, 
whereas cellular functions involving tRNA maturation, DNA replication/repair and cell 
division were similar to those in Euryarchaeota (24). The composition of cellular 
features in the “Ca. K. cryptofilum” genome supports the idea that this lineage is 
representative of a common archaeal ancestor and narrows the divergence of the archaeal 
phyla.
14
Microbial biogeography & biodiversity 
Biogeography has been defined as the study of the distribution of species, living or 
extinct, while biodiversity has been defined as the variety and abundance of life forms 
that live on Earth (59). The species can serve as the basic unit of both definitions, 
however, biogeography and biodiversity can be measured at any taxonomic level (59). 
Defining a species is particularly difficult with prokaryotes because species definitions 
are arbitrary. Typically, microorganisms must be cultivated in pure culture prior to 
classification (59). Cultivation has been unsuccessful for a vast number of 
microorganisms, thus, historically resulting in a low estimation of microbial diversity.
The introduction of small subunit rRNA analysis to assess phylogenetic diversity allowed 
for a more enlightened estimation of microbial diversity (69). Ribosomal RNA and DNA 
sequences serve as the basis for most phylogenetic classification of prokaryotes, and the 
relative ease of analysis and abundance of 16S rRNA reference sequences in publicly 
available databases makes sequence identity a primary means for identification of 
potential new species of microorganisms (58). The standard accepted by the 
International Committee for Prokaryotic Systematics (ICPS) for delineating prokaryotic 
species, however, is based on measuring genomic similarity via DNA reassociation. This 
approach does not always correlate closely with rRNA sequence identity (58, 6 6 ). The 
resolution of species via 16S rRNA gene sequences becomes less reliable with closely 
related organisms. Hence, Stackebrandt and Goebel recommended a threshold 16S 
rRNA homology value of 97% above which the 70% DNA-DNA rehybridization 
standard be applied to discern new species (58, 6 6 ). Below this level of 16S rRNA
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homology, DNA-DNA rehybridization is unnecessary. More recently, based on more 
data, Stackebrandt has suggested that this threshold should be changed to 98.7-99% (57).
Biogeography has also been defined as the study of the distribution of biodiversity 
over space and time (42). Biogeography of plants and animals has been studied for years; 
however, microbial diversity and geographical distribution is much more complex and 
studied to a much lesser extent. An important hypothesis in microbial biogeography is 
the Baas-Becking formula, “everything is everywhere -  the environment selects” (5). 
Everything is everywhere suggests that microorganisms are exceptions to traditional 
dispersal limitations encountered by larger plants and animals because of their small size, 
abundance and metabolic plasticity (67). This cosmopolitan concept has been supported 
by the widespread dispersal of free-living microorganisms in several studies. Identical 
protist IBS rRNA genotypes were found at both poles (20), cyanobacteria differing by 
only 0.2% base homology of their 16S rRNA gene were found in Europe and North 
America (26), and 100% relatedness from DNA-DNA rehybridization of thermophilic 
archaea was found in North Sea crude oil fields and Italian hydrothermal systems (9).
The opposing endemic concept has been supported by multiple studies as well. 
Cyanobacteria from thermal environments in temperate North America were not found in 
similar habitats in Alaska and Iceland (15). Genetic fingerprints of 3-chlorobenzoate 
degrading bacteria suggested certain genotypes were endemic to specific regions on 5 
continents (25).
“Everything is everywhere -  the enviromnent selects” also implies that microbial 
dispersal capabilities overcome barriers created by historic events (42). Thus, current 
environmental conditions determine microbial distribution. However, studies have
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shown that historical events are responsible for present day distribution patterns. A study 
was done with high-resolution multilocus sequence analysis on the distribution of 
Sulfolobus sp. in hot springs from multiple areas within two Russian regions, two North 
American regions and one Iceland region (67). Statistical analysis showed small but 
significant levels of genetic variation between populations inhabiting different areas 
within the same geothermal region, but no significant variation between genotypes 
isolated from hot springs within the same area (67). These findings supported the idea 
that geographic distance contributes to population differentiation (67). Phylogenetic 
analysis showed distinct clades corresponding to geographic region rather than by hot 
spring characteristics (67). Another study used the I 6 S rRNA gene and the I6S-23S 
internal transcribed spacer region to determine the distribution of Synechococcus sp. in 
hot springs in North America, New Zealand, Italy and Japan (48). No strong association 
was seen between genotypic distribution and 2 0  measured chemical characteristics; 
however, there was evidence of the restricted distribution of genotypes to specific 
geographical locafions (48). Both studies suggest historic events, such as geographic 
isolation must be involved in biologic patterning.
A microorganism’s ability to colonize a new habitat is important to its successful 
dispersal. Dispersal can be inhibited by geographic barriers and by environmental 
conditions (42). A microorganism’s ability to out compete the local population as well as 
population densities are also factors determining successful colonization (42). A 
microorganism’s ability to diversify or evolve can contribute to dispersal. Extinction of 
endemic species can also have a significant effect on microbial biogeography (42). 
Hedlund et al. (28) summarized how complex microbial biogeography really is, “The
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biogeographical pattern of a particular microbe may be related to its biology and its 
habitat, which together determine how easily it is dispersed, whether it is likely to remain 
viable during transport, and whether it is likely to encounter a favorable environment.”
Objectives
The central hypothesis of this research was that PCR with sequence specific primers 
combined with an analysis o f physicochemical properties from a wide variety o f hot 
springs can be used to characterize the enviromuental parameters that regulate the 
distribution of Korarchaeota. An additional hypothesis was that Korarchaeota show 
biogeographical and/or physicochemical grouping. These hypotheses have been tested 
by sampling sediment from hot springs with diverse chemical and physical properties and 
measuring salts, metals and gasses.
Microorganisms have been traditionally defined by their morphology, their 
physiology and their phylogenetic placement. However, this definition is not always 
sufficient and tends to leave out another key factor, their natural environment. Microbial 
habitats are complex and the microbial communities inhabiting them are dictated by the 
local chemical and physical conditions (52). Detailed physicochemical measurements of 
the niches where organisms are found would assist in defining their natural macrohabitat. 
This type of approach using geochemistry to define habifats has been documented in the 
literature. A study was done to determine the effect of abiotic factors on phylogenetic 
diversity in acidic hot springs (43). The sediment chemistry, the water chemistry and the 
temperature of two hot spring systems in Yellowstone National Park were measured, and 
the 16S rRNA gene o f the corresponding sediment bacteria was phylogenetically
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analyzed (43). Theses iron rich and sulfur rich springs were comparatively analyzed. 
Exceptionally strong correlations between bacterial community compositions and 
sediment mineral chemistry were noted (43). Weaker, but significant correlations were 
also noted between community compositions and temperature gradients (43). Another 
study was done to evaluate the use of artificial neural networks to infer relationships 
between geochemistry and functional gene distribution in environmental samples (47).
This work was the result of a collaborative effort between the labs of Dr. Everett 
Shock (Keck Environmental Biogeochemistry Lab at Arizona State University) and Dr. 
Brain P. Hedlund (School of Life Sciences at the University o f Nevada, Las Vegas). The 
study focused on comparing in depth chemical and physical properties of hot springs in 
Yellowstone National Park and the Great Basin where Korarchaeota were detected to 
those where they were not. This allowed determination of physical parameters and 
chemical components corresponding to korarchaeal distribution, thus defining their 
habitat.
Specific objectives included: 1) obtaining a library of hot spring samples with a 
physicochemical matrix encompassing a broad range o f temperature and pH; 2) 
performing PCR analysis on DNA isolated from hot spring samples with primers specific 
for Korarchaeota-, 3) evaluafing the physicochemical properties of the macrohabitats 
where Korarchaeota were detected; and 4) phylogenetically comparing the sequences. 
This study attempted to characterize the natural habitat of Korarchaeota by screening for 
their presence and recording as many coincident chemical properties as was feasible. The 
resultant data set contributed to a more complete characterization of the lineage.
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CHAPTER 2
MATERIALS AND METHODS 
Site description and sampling 
Samples were obtained from hot springs within the Great Basin (GB) and 
Yellowstone National Park (YNP). The Great Basin is a region in the western United 
States between the Sierra Nevada and Wasatch Mountain Ranges. The region has been 
subject to extension causing the Earth’s crust and upper mantle to thin. Active faults are 
responsible for most of the regions geothermal activity. Yellowstone National Park is 
located in the northwest corner of Wyoming and sits atop an active caldera. The 
underlying magma is responsible for the many geothermal features found in the region. 
GPS locations of all springs in the study are listed in Table 3 and the Appendix.
Springs were chosen to encompass a broad range of temperatures and pH. 
Temperature, pH and conductivity were measured with hand-held meters that aie easily 
recalibrated in the field (for GB springs LaMotte 5 Series, Chestertown, MD or for YNP 
springs YSI Model 30, Yellow Springs, OH and WTW Model pH330i, Weilheim, 
Germany). Manufacturers’ specifications report an accuracy of ± 0.01 for pH, ± 2% for 
conductance and ± 0.5°C for temperature for LaMotte, ± 0.5% for conductance and ± 
O.UC for temperature for YSI, and ± O.OI for pH and ± O.UC for temperature for WTW. 
Due to fluctuations in the hot spring environments noted in the field and steep gradients 
specifically in GVSl at GB, we recommend that the errors in these measurements should
2 0
be taken to be 5 times greater than the manufacturers’ specifications. Measurements 
were taken elose to the sediment sampling sites prior to sampling for ehemieal analysis 
and again immediately before sediment sampling at the preeise sampling loeation. 
Additional temperature measurements were taken with a waterproof thermometer (VWR 
catalog # 61161-283; accuracy ± 1°C) attached to an extendable aluminum pole as elose 
to the source as possible.
Hydrothermal fluid and dissolved gases were collected as elose to the sampling site as 
possible prior to sediment sampling (within 6  hrs; SSW was an exception where sediment 
samples were taken the following day) to avoid disrupting the sediment and altering the 
bulk water chemistry. Alkalinity, ammonia, ferrous iron, nitrate, nitrite, silica, sulfide 
and oxygen were measured in the field eolorimetrieally (for GB springs LaMotte 
SMART 2 colorimeter, for YNP springs Hach DR/2400, Loveland, CO) (Table 2). Some 
of these analyses are time sensitive due to gas dissolution and ehemieal redox reactions, 
while others are more temperature sensitive. The Shock lab at ASU has created standard 
curves with known concentrations of analytes by measuring the concentrations at hot and 
cold temperatures to establish the most accurate protocols for each analysis. Water 
samples for measurement of alkalinity, ammonia, ferrous iron, nitrate, nitrite and silica 
were allowed to cool to ~25°C for analysis. Alkalinity was determined by sulfuric acid 
titration to pH 4.5. Ammonia was determined by Nesslerization (LaMotte) or salicylate 
oxidation (Hach). Ferrous iron and total iron were determined by phenanthroline 
indicator before and after acidification, respectively. However, in all Great Basin 
springs, all iron measurements were below method detection limits. Silica was 
determined by the measurement of molybdate-reactive silica with the heteropoly blue
2 1
method. Silica measurements required dilution with ddHiO (1:50 or 1:1 GO) prior to 
analysis in order to prevent titration of reagents and to remain within the detection range. 
Nitrate plus nitrite was determined by cadmium reduction of nitrate and subsequent 
diazotization of nitrite; nitrite was determined by diazotization without reduction of 
nitrate; and nitrate was calculated by the difference between the two measurements. 
Dissolved oxygen and sulfide were measured immediately after sampling. O2 
measurements were made using the azide modified Winkler method (LaMotte), the 
HRDO Accuvac Ampule method (Hach, high range) or the Indigo Carmine method 
(Hach, low range), while minimizing contact with the atmosphere. Sulfide was measured 
with the Pomeroy methylene blue method after immediate dilution with ~25°C ddH2 0  
(1:3) to prevent heat inactivation of reagents and allow immediate analysis prior to 
oxidation.












Alkalinity 8203 10-4000 1546 0-200
F e f 8146 0.02-3.00 3648 0.5.0
N O 3- 8039 0.3-30 3649 0-3.0
NOz" 8507 0.002-0.3 3650 0-0.8
ZNH] H R“ 10031 0.4-50.0 3642 0-4.0
ZNH3 10023 0.02-2.50 NA" NA
O 2 HR 8166 0.3-15.0 7414 0- 11.0
O2 LR 8316 0.006-0.8 NA NA
Silica 8185 1-100 3664 0-4.0
8131 0.005-0.8 3654 0-3.0
“HR, high range 
'’LR, low range 
°NA, not applicable
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Hydrothermal fluid for major ions and trace elements was filtered in the field through 
a 0.2 gm hydrophilic polyether-sulfone filter (PN 4583T Pall Scientific, East Hills, NY) 
and transported and stored on ice. Major ions were analyzed at the Keck laboratory using 
ion chromatography (IC) (anions: Dionex lonPac AS 11 Analytical and lonPac AGI 1 
Guard columns; cations: Dionex lonPac CS12A Analytical and lonPac SG 11 Guard 
columns; conductivity detection) (1). Differences in the inorganic nitrogen pool (i.e. 
ammonia, nitrate, nitrite) between those measured on site and those measured by ion 
chromatography suggest that these species are not stable during storage for IC analysis. 
Therefore, colorimetric measurements made on site were used in place of IC data. 
Samples for minor and trace element analysis were collected in Nalgene high density 
polyethylene sampling bottles previously soaked in 10% HNO3 for 3 days, rinsed with 
deionized water, dried, reseeded with HNO3, and sealed. After collection, sample bottles 
were shaken and decapped to allow H2S to degas before shipment to the Keck laboratory 
for Thermo Finnigan ELEMENT 2 high resolution inductively coupled plasma mass 
spectrometry (ICP-MS).
Hydrothermal fluid for water hydrogen and oxygen isotope analysis was collected in 
the field in sealed containers that did not allow exchange with atmospheric water.
Isotopes were measured in the Keck laboratory by high-temperature pyrolysis and isotope 
ratio mass spectrometry (IRMS) using a Thermo Finnigan Thermochemical Element 
Analyzer (TC/EA) coupled to a Thermo MAT 253 magnetic sector mass spectrometer. 
Gas samples for hydrogen and volatile hydrocarbons (methane, ethane, ethene) were 
collected by gas stripping at least five liters. Sample water was cooled to 25-30°C to 
allow calculation of dissolved gases using Henry’s Law constants for room temperature.
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Gases were analyzed by gas chromatography with a reducing gas detector at Microseeps 
(Pittsburg, PA).
Sediment samples for DNA extractions were collected at the sediment/water interface 
(top ~1 cm) using a spatula sterilized with 10% bleach and 95% ethanol to either scoop 
sediment directly into sterile microcentrifuge tubes, 15 ml and 50 ml Falcon tubes or 
indirectly into a sterile pie pan, where the sediment was homogenized before distribution 
into collection tubes. Sediment from YNP springs was stored on ice in the field before 
storage (within 6  hrs.) at -20°C, while Great Basin sediment was stored on dry ice in the 
field before storage at -80°C.
The mineralogy of the sediment from 7 Great Basin springs was analyzed following 
the protocol in Costa et al. (18). X-ray diffraction (XRD) analyses were made on clay 
fractions separated by centrifugation and sedimentation following rinsing with distilled 
water to achieve dispersion. Oriented pastes of K- and Mg-saturated clays (<2 pm) were 
prepared by smearing the clays onto glass slides (64). The K-saturated sample slides 
were examined by XRD at 25°C and after heating at 350 and 550°C for two hours. The 
Mg-saturated samples were also analyzed at 25°C and after being placed in a desiccator 
containing a pool of ethylene glycol and heated at 65°C for two hours. The desiccator 
vent was closed upon removal from the oven and the slides stored in the desiccator at 
least 12 hours prior to XRD analysis. Samples were examined by XRD (CuKa radiation) 
using a PANalytical X ’PERT Pro diffractometer, equipped with an X ’Celerator detector. 
The minerals present were primarily identified based on their basal or d(OOl) spacings. 
The various Mg- and K-saturation, heat, and glycolation treatments were used to 
distinguish and identify the different clay minerals present.
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DNA extraction and evaluation of quality of DNA 
Genomic DNA was extracted from sediment samples by using a bead-beating/SDS 
lysis approach using the QBIOgene FastDNA SPIN kit for soil (Irvine, CA). The 
manufacturer’s general protocol was followed for all steps, with the specific extraction 
parameters described below. Cells were lysed in 0.5 ±0.1 g of sediment by milling the 
sample using the FastPrep instrument 4 times at setting 4.5 for 30 s with 5 min incubation 
on ice between each cycle. The DNA extract was used as a template to amplify a 
fragment of the 16S rRNA gene using primers 8 aF and 1406uR or 9bF and 1406uR 
(Table 3) as a positive control for the quality and quantity of the DNA extract from each 
sample. Escherichia coli cell lysate was used for the positive control for each bacterial 
PCR reaction and SL1.60, an archaeon isolated from Eldorado Play a (19), was used as a 
positive control for each archaeal PCR reaction. Reactions without template DNA were 
also set up with each PCR reaction to serve as negative controls. DNA was used directly 
from extracts in most cases. However, a 10 fold dilution with sterile water was necessary 
in a few instances because the extracts contained PCR inhibitors whose activities could 
be overcome by dilution. Since most of these samples contained little complex organic 
matter, these inhibitors may have been heavy metals or other inorganic inhibitors rather 
than humic acids (65). Cycling conditions included: initial dénaturation at 96°C for 5 
min; 35 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 1.5 min; and final extension 
at 72°C for 5 min. Each 25 pi reaction included Ix GoTaq® Green Reaction Buffer (pH 
8.5, 1.5 mM MgCE; Promega, Madison, WI,), dNTP mix (80 pM each; Promega), 
primers (25 ng each), GoTaq® DNA Polymerase (0.65 U; Promega), and 1 pi template 
DNA solution. DNA extracts with positive bacterial or archaeal PCR product were used
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as a template to amplify a fragment of the korarchaeal 16S rRNA gene using primers 
236F and Korl236R (Table 3). DNA extractions were considered unsuccessful on 8  of 
the 107 sediment samples due to the absence of PCR product.
TABLE 3. Primers used for PCR amplification and sequencing of the 16S rRNA gene.
Prim er Sequence ( 5 '^ 3 ' f Specificity Source
8aF YCYGGTTGATCCTGCC Archaea (14.22)
9bF GRGTTTGATCCTGGCTCAG Bacteria (14.22)
236F GAGGCCCCAGGRTGGGACCG Korarchaeota (13)
1135R GTTTGCCCGGCCAGCCGTAA Korarchaeota (13)
K orl236R CATCCCGCTGTCCCGCCCATTGC Korarchaeota (4)
1406uR ACGGGCGGTGTGTRCAA Universal (22. 36)
"R, A/G; Y, C/T
Evaluation of possible Xorarc/zaeoto-specific PCR primers 
Twenty-five published korarchaeal sequences were retrieved from the NCBI database 
and aligned in ARB (38), along with three sequences obtained from clone libraries of 
Great Basin springs (unpublished data) to create a consensus Korarchaeota 16S rRNA 
gene sequence. Possible Korarchaeota primers, including 236F (13), 1135R (13) and 
KoiT236R (4) were checked for mismatches against the consensus Korarchaeota 16S 
rRNA gene sequence. 1135R had multiple mismatches with Korarchaeota clone type 
GVS1_L4_A04, a sequence obtained previously in the lab from the Great Basin spring 
GVSl, and was deemed insufficient for the survey. 236F aligned to all 28 korarchaeal 
sequences with one degenerate position, while Korl236R had no mismatches. To 
determine primer specificity, primer sequences were checked against the Ribosomal 
Database Project-11 release 8.1 database with the Probe Match program (40). Both 236F 
and Korl236R contained at least 3 mismatches with all sequences not affiliated with
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Korarchaeota. However, it should be noted that RDP-II release 8.1 is no longer updated 
as of 2004 and RDP-II release 9.0 does not maintain a database o f archaeal 16S rRNA 
gene sequences.
Optimization of Korarchaeota-sçQCiïic PCR 
Initially, Korarchaeota-s^e.c.\ï\c PCR was carried out using the PCR conditions 
described above for general 16S rRNA gene PCR by using DNA from spring GVSl as a 
template. Initially, PCR products were weak. To increase the yield, a PCR optimization 
strategy included increasing the number of cycles, doubling the primer concentration, 
adding 10 pg bovine serum albumin (BSA), and optimizing the annealing temperature 
with a temperature gradient thermocycler (Fig. 2). Increasing the number of cycles from 
35 to 40 increased PCR product; however, no additional product was seen with 45 cycles. 
The addition of BSA to the PCR reactions had no effect on the amount of PCR product, 
but doubling the primer concentration from 25 to 50 ng/rxn increased PCR product. The 
annealing temperature was set at 55°C to test the number of cycles, BSA and primer 
concentrations. The PCR product increased the greatest amount with the increase in 
annealing temperature. The PCR protocol for Korarchaeota 16S rRNA gene 
amplification was modified by using 40 cycles, doubling the primer concentration, and 
increasing the annealing temperature to 69°C.
27




b  b  vo <o
FIG. 2. Tris-Acetate-EDTA (TAE) agarose gel displaying results 
of PCR optimization assays. All reactions were run for 40 cycles. 
Top row: annealing temperature gradient result with standard 
primer concentrations (25 ng). Bottom row: Std, standard reaction 
reagents and conditions; +BSA, 10 pg BSA added; 2xP, 50 ng 
each primer added. Annealing temperature was set at 55°C. 
Marker, 1 kb DNA ladder (Promega, Madison, WI).
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Cloning and RFLP
Korarchaeota PCR products were cloned using the TOPO T/A cloning kit 
(Invitrogen, Carlsbad, CA) according to manufacturers’ protocol. Briefly, 2-4 pi PCR 
product was ligated into linearized, incubated with topoisomerase I-activated pCR®2.1- 
TOPO® vector at room temperature for 30 minutes, transformed into One Shot® 
Chemically Competent E. coli, and plated onto Lauria-Bertani (LB) medium (1% 
tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0) amended with 40 mg X-gal, 100 mM 
IPTG and 50 mg kanamycin or ampicillin (LIKX or LlAX, respectively) for blue/white 
screening. Up to 24 white colonies were streaked onto LIKX or LlAX for purification, 
incubated at 37°C overnight, resuspended in LB broth amended with 50 pg/ml 
kanamycin and 30% glycerol and stored at -80°C before sorting and/or sequencing.
Isolate DNA was extracted from 18 transformants from each spring, except for 
Sylvan Spring, which only had 13 transformants, and LHCcon2, which only had two. 
Each transformant was grown overnight on LIKX or LlAX and a visible amount of 
colony material was picked into 20 pi of colony lysis buffer (0.05 M NaOH and 0.25% 
SDS, (34)), which was heated to 95°C for 10 min and subsequently diluted by adding 180 
pi sterile H2O. Korarchaeal 16S rRNA gene inserts were PCR amplified from cell lysates 
with 236kF and Korl236R. Cycling conditions included 35 cycles and the 69°C 
annealing temperature, but the primer concentration was not doubled. PCR product was 
digested separately with Rsal for 2 hrs at 37°C and Taql for 1.5-2 hrs at 65°C (12 pi 
sterile H2O, 2 pi corresponding buffer, 6  pi PCR product, and 0.5 U restriction enzyme 
per reaction, Promega, Madison, WI). Restriction fragments were resolved by 
electrophoresis on a 2% agarose gel with a IX Tris-Acetate-EDTA buffer system (40mM
29
Tris base, ImM EDTA, 18mM glacial acetic acid). At least one clone of each RFLP type 
from each spring was sequenced by the Sanger method at Functional Biosciences, Inc 
(Madison, WI) using the vector primers M13F and M13R. Five to 9 additional clones 
were randomly selected from each of 7 different springs for sequencing to determine 
whether cryptic Korarchaeota RFLP groups existed that were not resolved by the RFLP 
approach and to examine microdiversity within RFLP groups.
Phylogenetic analysis 
Sequences were trimmed to remove vector and primer sequences and bases with 
Phred scores below 20. Sequences with Phred 20 scores > 600 were used to generate 
contigs with the EMBOSS application Merger (51). Mismatches between forward and 
reverse sequences were manually edited by referring to chromatograms. Complete 
sequences were submitted to a nucleotide BLAST search in the NCBI database to check 
orientation and to retrieve closest relatives. The EMBOSS application RevSeq was used 
to reverse complement the sequences oriented in the wrong direction (51). Mallard (3) 
and Pintail (2) were used to check sequences for anomalies. Additional checks for 
chimeric artifacts were done with Bellerophon (33) and manually with nucleotide 
BLAST searches of sequence fragments from questionable sequences. None of the 
Korarchaeota sequences were identified as likely chimeras. Reference sequences were 
obtained from the NCBI database and were aligned with sequenced clones in ARB (38). 
Neighbor-joining (Kimura correction), maximum parsimony (with a heuristic search) and 
maximum likelihood (AxML) phylogenetic trees were created in ARB using E. coli 16S
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rRNA gene nucleotide positions 218 - 1243. Unifrac was used to better compare the 
clones from YNP to those from GB (37).
Support vector statistics
Classification support vector machines (C-SVMs) are a type of supervised machine 
learning algorithm, akin to artificial neural networks, in which two classes of training 
data are mapped to a higher dimensional space (17). The C-SVM finds a maximally 
separating hyperplane between the two classes of vectors which partitions the space.
This separation is strongly dependent on the choice of kernel function, a relationship 
between vectors of the form K(x„ Xy). In the case of chemistry data, we chose the radial 
basis function K(x,, Xj)=exp(-y||x;- Xy|p), y>0, as it is generally considered suitable for 
biological data and a reasonable first choice. A second parameter, C>0, is used as a 
penalty for categorizing a training vector on the wrong side of the hyperplane.
In this case, the two classes were hot springs in which Korarchaeota were present and 
hot springs in which Korarchaeota were not found. The space consisted o f feature 
vectors x, containing 34 individual molar chemical concentrations obtained from hot 
spring bulk chemistry data. The C-SVM was trained on chemistry data from a subset of 
all hot springs. The subset was chosen based on three criteria. First, in order to avoid 
overtraining, all outflow samples were removed from the data set. In the case of Boulder 
Spring, the source sample was placed in the class where Korarchaeota were detected 
although Korarchaeota were detected only in the onflow system. Second, if >30% of the 
data entries for any individual analyte were not analyzed (NA), then the analyte was 
dropped from the analysis. Third, if trace elements were not measured by ICP-MS for
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any spring, then the entire spring was dropped from the analysis. Within the selected 
data subset, values that were below detection limit were set to zero, and data points that 
were not analyzed were assigned the average concentration of the respective analyte. The 





A total of 107 samples were collected from hot springs within the Great Basin 
(GB) and Yellowstone National Park (YNP). GB samples were distributed among five 
hydrologically distinct basins: Smith Creek, Grass Valley, Great Boiling Springs,
Surprise Valley and Long Valley. YNP samples were distributed among six hydrologie 
drainages: Upper Geyser Basin, Mud Volcano, Lower Geyser Basin, Washburn Springs, 
Gibbon Geyser Basin and Lone Star (Fig. 3, Table 1 and Appendix). Several samples 
were collected from hot spring sources and their outflow systems in an effort to resolve 
temperature requirements for Korarchaeota within flowing systems. In the Great Basin, 
all three springs from Little Hot Creek merged into one outflow system for all outflow 
samples (LHCconl-5). SV2, SVXI, SVX2, and SVX3 in Surprise Valley merged 
upstream of the collection site for all outflow samples (SV2con3, 8 , 17 and 18). Sandy’s 
Springs West and East (SSW and SSE) merged prior to the collection o f all SSW outflow 
samples (SSWconl-3). In Yellowstone National Park, the outflow samples were each 
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FIG. 3. Physical map of Great Basin and Yellowstone National Park geothermal
sampling regions. GB lies within the shadowed area. Individual YNP regions were not 
discerned due to their close proximity. Korarchaeota were detected in all regions (red 
circles) except Smith Creek (blue circle).
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Temperature and pH
Samples were chosen to represent a variety of temperatures, from 37.1-94.3 °C, and 
pH values, from 1.3-9.18. Hot springs within the Great Basin were buffered by the 
bicarbonate buffering system; which resulted in circum-neutral to alkaline pH (-6.5-9). 
Hot springs within YNP were either buffered by bicarbonate, with circum-neutral to 
alkaline pH values (-6.5-9), by sulfuric acid, with very acidic pH (-1.3-4), or contained a 
mixture of the two buffering systems, with intermediate pH values.
DNA was successfully extracted from 99 of the 107 sediment samples, 35 from the 
GB and 64 from YNP, as determined by positive bacterial and/or archaeal PCR controls. 
Korarchaeota were detected in II of 35 GB samples and 15 of 64 YNP samples (Table 
4). Samples containing Korarchaeota represented a temperature range of 40.7-90.5°C 
and a pH range of 4.78-8.55 (Fig. 4 and 5). However, the only positive sample below 
55°C (AJ; 40.7°C) was in the outflow system of AS, which was also positive. 
Korarchaeota were found in four 55-65°C springs, including non-flowing springs in both 
the Great Basin and Yellowstone (GBS04C and Skippy’s). Thus, the more conservative 
lower temperature range for Korarchaeota was ~55°C.
Korarchaeota were non-randomly distributed with respect to pH (Fig. 6). In 
Yellowstone they were found in 0/7 (0%) of samples pH <4.7, 12/16 (75%) of samples 
pH 4.7-7, and 3/41 (7%) of samples pH >7, suggesting a preference for the mildly acidic 
springs. In contrast, Korarchaeota were widely distributed in 11/35 (31%) of Great 
Basin springs which ranged from a circum-neutral pH of 6.7 to an alkaline pH of 9.0.
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TABLE 4. Description of GB and YNP hot springs in which Korarchaeota 16S rRNA genes were detected.
Name Thermal Region Thermal Area
GPS location 






GBS04C Great Boiling Sprgs Great Boiling Sprgs 40°39.750'N,
119°21.985'W
gray sedim ent, green/brown 
mat
62.3 6.87 1
SSW G reat Boiling Sprgs Sandy’s Springs 40°39.182'N,
119°22.496'W
gray/green sedim ent 
(S,I,K,Q.KF)
86.6 7.21 2
SSW conl Great Boiling Sprgs Sandy’s Springs 40°39.180’N,
119°22.500'W
gray sediment, green mat 70.0 7.85 1
SVX2 Surprise V alley Surprise Valley 41°32.075'N,
120°04.37TW
brown/gray clum py sediment 83.0 8.49 2
SV2con3 Surprise Valley Surprise Valley 41°32.004'N,
120°04.327'W
gray sedim ent, green 
filaments
68.1 8.55 1
G V Sl Grass V alley Grass Valley 39°56.462'N,
116°40.94TW
brown sedim ent 89.0 7.20 3
HC-1 Long V alley Caldera Hot Creek 37°39.617'N,
118°49.745’W
light brown sedim ent & rocks 77.0 7.13 2
LHC-1 Long V alley Caldera Little H ot Creek 37°41.436'N,
118°50.664'W
sedim ent w ith tiny m ulticolor 
rocks (S,I,K ,Q ,CA,PF,Z)
82.5 6.75 2
L H C -3 Long Valley Caldera Little Hot Creek 37°41.456’N,
118°50.639'W
Sedim ent with m ulticolor 
rocks (I,C,S)
79.0 6.97 3
LHC-4 Long V alley Caldera Little H ot Creek 37°41.436'N,
118°50.653'W
black sedim ent (S,I,K ,CA) 78.7 6.85 2
LHCcon2 Long V alley Caldera Little H ot Creek 37°41.432'N,
118°50.632'W
sedim ent w ith black m at & 
filam ents
59.9 7.20 2
Y ellowstone National Park
Sylvan Spring (Syl) G ibbon G eyser Basin Sylvan Springs 44°41.927'N,
110°46.105’W
light brown sand 81.2 4.94 1
Avocado Je ffs  Source (AS) G ibbon G eyser Basin Sylvan Springs 44°42.036’N,
110°45.93TW
grey sand 74.4 6.15 1
Avocado Je ffs  Upper Slide (AJ) G ibbon G eyser Basin Sylvan Springs 44°42.03TN,
110°45.930'W




Em erald City (EC) W ashburn Springs "W ashburn Area" 44°46.017'N,
110°25.782'W
black  sediment 78.0 6.07 1
F.L.I.P. W ashburn Springs "W ashburn Area" NA black  sedim ent 85.9 5.88 1
A ustralia (Aust) W ashburn Springs "W ashburn Area" 44°46.047'N,
110°25.807'W
black  sand 76.1 5.70 1
B lack Cauldron (PK) Low er G eyser Basin River Group 44°33.52074, 
110°50.643'W
black silt 90.5 6.80 2
Boulder Outflow  3 (B3) Low er Geyser Basin River Group 44°33.530'N ,
110°50.624'W
black particles 74.3 8.50 2
Sperm  Bank (SB2) Lone Star Geyser Channel G roup 44°24.946'N,
110°48.578'W
beige sand 78.0 8.06 1
Bum py Butt (BB) Lone Star Geyser Channel Group 44=24.90374,
110°48.768'W
beige sand 73.3 6.50 1
O B I-H eim  (OH) M ud Volcano Area "GOPA" 44=36.63574,
110=26.314'W
sm. black & Ig. colored rocks 84.5 5.40 2
Green Cheese 70 (GC70) M ud Volcano Area "GOPA" 44=36.60374,
110°26.325'W
black grit 71.3 6.35 1
Green Cheese 57 (GC57) M ud Volcano Area "GOPA" 44=36.60474,
110=26.325'W
black grit 57.3 5.70 2
Skippy's Bathtub (SS & SO) M ud Volcano Area "GOPA" 44=36.64074,
110=26.31 O'W
brow n sedim ent 56.7 4.78 2
Riverside Rave (RR) U pper Geyser Basin Calcite NA black sand 77.3 6.97 2
" M inerals detected, S, smectite; I, illite; K, kaolinite; Q, quartz; KF, potassium  feldspar; PF, plagioclase feldspar; CA, carbonate apatite; Z, zeo lite clinoptilolite; 
C, calcite.
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FIG. 4. Temperature vs. pH plot of hot springs sampled in the Great Basin. ■ =  Korarchaeota detected,
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FIG. 5. Temperature vs. pH plot o f hot springs sampled in Yellowstone National Park showing preference for mildly
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FIG. 6 . Temperature vs. pH plot of hot springs sampled in Yellowstone National Park showing distribution at <4.7 pH,
between 4.7-7.0 pH and at >7.0 pH. ■ = Korarchaeota detected, o = Korarchaeota not detected.
Bulk water chemistry 
In addition to screening sediment for Korarchaeota 16S rRNA genes and recording 
bulk water temperature and pH, the chemical composition of hydrothermal fluid from 
each hot spring was measured. Data are detailed in the Appendix and the ranges of 
chemical composition are included in Figure 7. Korarchaeota were found in springs with 
a wide range of most individual analytes in both Great Basin and Yellowstone springs, 
particularly NH4^/NH3 , Cl', Na^ and most trace elements. However, Korarchaeota 16S 
rRNA genes were not recovered from springs with low Ca^^ and Be and high NO3 ', Zn 
and V in both regions. They seem to occupy springs with the entire range o f sulfide in 
Great Basin springs, but may prefer higher concentrations in YNP. In contrast with 
suggestions in the literature (8 , 50, 53, 56), they seem to be absent in the YNP springs 
with the highest iron concentrations. It should be noted that the few springs with high 
iron (>1x10'^ mol/L) were also acidic (pH 1.3-3.2) and the absence of Korarchaeota 
could be a result o f their absence in highly acidic springs.
Support vector machine 
To determine if a C-SVM could be trained to predict if a spring would have 
Korarchaeota based on bulk chemistry data, four-fold crossover validation was 
performed. The parameters y and C were optimized for accuracy. A random ordering of 
19 Korarchaeota containing springs were partitioned into four sets of 14 training vectors 
and 5 cross-validation vectors. Similarly 32 springs in which Korarchaeota were not 
found were also partitioned into four sets of 24 training vectors and 8  cross-validation 
vectors. Each training set thus consisted of 14 positive examples and 24 negative
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examples. Ideal parameters were found at y =500 and C=128. This gave an average 
accuracy (the ratio of true positive and true negative to total evaluations) o f 62%. If hot 
spring chemistry had no relationship to the presence or absence of Korachaeota, the 
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FIG. 7. Chemical analytes & Korarchaeota distribution in Yellowstone National Park & Great Basin. Major solutes are shown in 
molar concentrations and trace elements are shown in molal concentrations. Black high-low lines represent the range found in all 
springs, while colored bars represent the range in which Korarchaeota were detected: s  YNP, ■ GB.
Phylogeny
The majority of Korarchaeota 16S rRNA genes discovered in this study branched 
into three phylogenetic clusters; however, six sequences failed to affiliate with these three 
groups (Fig. 8 ). Two clusters, labeled “Ca. K. cryptofilum-like clusters” were identical 
or closely related to clone pJP27 and “Ca. K. cryptofilum” from Obsidian Pool, yet they 
were non-randomly distributed with regard to geography. Cluster I was comprised 
entirely o f YNP sequences, all o f which had >98% sequence identity to clone pJP27. 
Cluster 11, conversely, was comprised exclusively of GB sequences, all of which had 96- 
98% sequence identity to pJP27. The separate branching of these two clusters was 
supported by neighbor-joining, maximum parsimony and maximum likelihood 
phylogenetic methods.
The third cluster of sequences was nearly identical (>98%) to clone pJP78 from 
Obsidian Pool and had order- to family-level identity (80-82%) to clone pJP27. The 
cluster was comprised entirely of YNP sequences except for one phylotype from GVSl 
in the GB and two Icelandic hot spring clones (41, 55). This cluster was monophyletic in 
all three phylogenetic methods.
All six unaffiliated sequences branched basally to the pJP78-like cluster with <97% 
identity to clone pJP78. These sequences were from three different YNP hot springs as 
well as GVSl from the GB and represent novel Korarchaeota phylotypes.
A fourth cluster o f sequences was composed entirely of submarine hydrothermal 
sequences and sulfide incubator clones except for two phylotypes from terrestrial hot 
springs in Japan. All sequences in this cluster were from the literature and had 82-95% 
identity to clone pJP27 and 68-78% identity to clone pJP78.
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The clusters harboring the different types of Korarchaeota have slightly different 
temperature and pH ranges. The “Ca. K. cryptofilum“-like cluster-I clones were detected 
in springs with a temperature range of 40.7-90.5°C and a pH range of 4.78-8.5. The “Ca. 
K. cryptofilum“-like cluster-II clones were detected in springs with a temperature range 
of 59.9-89.0°C and a pH range of 6.75-8.55. The lower temperature o f cluster I is 
attributed to the AJ outflow sample. The pJP78-like cluster had a temperature range of 
56.7-89.0 and a pH range o f 4.78-7.2.
Pairwise comparisons with the Unifrac significance test indicated Korarchaeota 
sequences from YNP and GB were significantly different (p=0.008, corrected for 
multiple comparisons using the Bonferroni correction). However, YNP and GB 
Korarchaeota sequences were highly significantly different (p<0.001) if GVSl sequences 
were removed from the analysis. This indicated that GV S1 is atypical of GB springs with 
regards to its Korarchaeota sequences.
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FIG. 8 . Maximum likelihood phylogeny using E. coli 16S rRNA gene nucleotide 
positions 218 - 1243. (•) Major nodes supported by maximum likelihood, neighbor- 
joining and maximum parsimony trees. (») Major nodes supported by 2 o f 3 methods. 




The Korarchaeota have defied attempts to cultivate them in pure culture for over a 
decade; however, persistent efforts have recently resulted in physical purification of cells 
of one phylotype and resulted in morphological characterization and a sequenced 
genome. Analysis of the genome has led to construction of hypothetical pathways for 
energy metabolism and has supported the independence of the Korarchaeota phylum 
within the archaea (7, 8 , 12, 13, 24). However, this information was based on a single 
strain cultivated in the laboratory and may not account for the morphological and 
physiological diversity o f the phylum Korarchaeota.
The aim of this study was to define the natural Korarchaeota habitat and evaluate 
their physicochemical and biogeographic distribution. The approach used in this study 
had at least three limitations. First, it is possible that Korarchaeota are present in more 
springs than detected in the study. The primers and PCR conditions used could have 
been inadequate to amplify a novel phylotype, or the Korarchaeota could have been 
present in a niche within the hot spring that was not sampled for DNA extraction.
Second, the PCR method used had a detection limit. In multiple instances a faint 
Korarchaeota PCR product was obtained that was insufficient to successfully clone into 
the TOPO vector. This could be the result of inhibition of PCR by organic (humic 
substances) and/or inorganic (heavy metals) substances (12, 65). Third, the bulk water
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chemistry does not give an accurate description of the sediment environment. The 
temperature and pH were taken as close to the sampling site as possible, but the other 
chemical analytes are representative of the bulk hydrothermal fluid and not the porewater 
fluid. It is important to point out that these geochemical analyses did not include 
extensive analysis of flow rate mineralogy or coincident sediment microbial community, 
both of which could be important for Korarchaeota biology. Pore water chemistry and 
sediment mineral chemistry have shown stronger correlations than bulk water chemistry 
to the microbial communities in hot springs (43).
Korarchaeota 16S rRNA gene sequences have been recovered from habitats with a 
wide range o f bulk water pH (4). The lower pH was from filtered Japanese hot spring 
hydrothermal fluid with a pH of 2.8, while the upper pH was from Icelandic submarine 
vent fluid with terrestrial origin with a pH of 10.0 (41, 62). The findings in this study 
were more conservative (pH -  4.78-8.55), and indicated a preference for the mildly acidic 
springs in Yellowstone National Park.
The lowest recorded temperature to support Korarchaeota (52°C) was from a shallow 
submarine vent mat in Japan; however, multiple sources included wide ranges o f vent 
fluid (e.g. 2-370°C) where Korarchaeota gene sequences were discovered (4, 23, 29, 45, 
46). Thus, it was difficult to discern a temperature range supporting Korarchaeota while 
including marine hydrothermal sources. The maximum temperature in which cells 
(Methanopyrus kandleri) have been reported to proliferate is at 122°C under high- 
pressure cultivation (61). The detection of Korarchaeota from AJ in this study (40.7°C) 
is the lowest temperature reported from which Korarchaeota could be found; however, it 
is possible that Korarchaeota were washed downstream from the source (AS, 74.4), and
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were transient inhabitants at this lower temperature. This could also have been the case 
in the Green Cheese (GC) and SSW systems, both of which had source and outflow 
samples where Korarchaeota were detected. Conversely, Korarchaeota were detected in 
all three sources o f the LHC system, yet they were not found in the first outflow sample. 
A very faint positive Korarchaeota PCR product was obtained from the second LHC 
outflow sample (LHCcon2). Although flow rate was not measured for any samples, it 
was noted that the flow rate was particularly high at LCHconl. Flow rate could play an 
important factor in the distribution of this anaerobic microorganism within hot springs. 
Higher flow rates in hot anaerobic water would decrease the amount o f O2 in the 
sediment, thus potentially expanding the potential anaerobic niche where Korarchaeota 
are found. However, higher flow rates could also limit the accumulation o f organic 
matter, in which the metabolism of Korarchaeota is dependent. The presence of a certain 
amount of biomass is probably required to support the import and oxidation of peptides 
predicted by Elkins (24).
The Korarchaeota were shown to inhabit geochemically diverse hot springs with a 
wide range o f most individual analytes; however, factors defining Korarchaeota 
macrohabitats remained elusive. Our findings contrast with suggestions in the literature 
that Korarchaeota sequences correlate with high iron concentration (8 , 50, 53, 56). All 
but 4 hot spring samples had iron concentrations below 1x10’̂  mol/kg. These four iron- 
rich hot springs also comprised four of the six acidic hot springs sampled (pH<4). The 
absence of Korarchaeota in iron rich springs could have been due to their absence in 
highly acidic springs; however, a more thorough sampling o f acidic hot springs would be 
necessary to discern the difference.
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The absence of obvious analyte preference is not surprising considering the absence 
of evidence for proteins involved in the reduction of sulfur, sulfite, sulfate, nitrate, nitrite, 
iron, formate or oxygen in the predicted gene functions (24). Both the cultivation of 
Korarchaeota in complex medium supplemented with yeast extract and peptone and the 
in-silico predicted metabolism suggested these organisms grow heterotrophically 
obtaining carbon and energy through fermentation o f peptides and amino acids (13, 24). 
Protons drive the predicted metabolism of Korarchaeota (24). Theoretically the 
increased hydronium ions in hot springs with low pH could favor Korarchaeota 
metabolism. Predictions that terminal reduction results in hydrogen production (24) leads 
to speculation that the Korarchaeota live in close proximity to hydrogen oxidizers.
The low accuracy o f the C-SVM could have been a result of either insufficient or 
confusing training data. Korarchaeota-conXKvamg springs that are chemically similar to 
geographically close springs in which they are absent are of limited training utility. For 
example, Korarchaeota were detected in SVX2, but not in any other Surprise Valley hot 
springs. The chemistries of all the Surprise Valley hot springs were similar and training 
with two similar springs that belong to different groups (positive vs. negative) could 
confuse the SVM. These obstacles may be surmountable by the collection of additional 
data from more diverse sources, verifying whether chemically similar springs do indeed 
differ in Korarchaeota occupancy, and theoretically by reducing the number of features 
used in training to the most relevant subset. However, the data could be of limited value. 
Many springs were eliminated from the analysis due to the absence of analyte 
measurements, and the subset criteria could have generated an inaccurate dataset. Most 
importantly, pore water chemistry would have given a more valuable dataset.
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The phylogenetic analyses of Korarchaeota displayed obvious biogeographic 
grouping similar to that published by Auchtung (4). Excluding GV Sl, sequences from 
GB occupied a single clade with species-level (>97%) identity to clone pJP27. GVSl 
was unique in that it was the only GB spring with a clone (G V Sl-4) closely related to 
pJP78 (>98%) and two clones each potentially representing a new genera of 
Korarchaeota. Clone GVSl-2 had 93-94% identity to pJP78 and clone GVSl-3 had 93- 
94% identity to pJP27. One cluster was comprised solely of YNP sequences, but the 
pJP7 8-like cluster was comprised of YNP sequences, one GB sequence (G V Sl-4), and 
two Icelandic hot spring sequences that branched together within the cluster. The 
phylogenetic analysis did not display obvious physicochemical grouping; however, 
discrete pH grouping was noted. Springs from the cluster comprised of sequences all 
from GB had a higher pH range (6.75-8.55) than springs from the other clusters. 
Considering the absence of acidic springs in the GB, this is not surprising. The pJP78- 
like cluster was comprised of sequences from springs with a lower pH range (4.78-7.6) 
than springs from both “Ca. K. cryptofilum”-like clusters, where pH values were 
measured up to 8.55.
The Korarchaeota are thermophiles found exclusively in hot springs and submarine 
hydrothermal systems. Studies have suggested that such extremophiles would have 
difficulty surviving in temperate conditions separating distant geothermal regions (48, 59, 
67). However, a study of the hypothermic archaea within an erupting submarine volcano 
demonstrated this barrier could be overcome (32). High concentrations of 
hyperthermophilic archaea were found within cooled-down submarine plume and floating 
volcanic slick about 1 km from the eruption site (32). The inability to detect
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Korarchaeota 16S rRNA genes in nonhydrothermal habitats (4) and the absence of 
pJP78-like clones from most GB springs indicated that there could be a temperature 
barrier that would inhibit their dispersal (4). However, the presence of pJP78-like clones 
in YNP, GVSl and Iceland is indicative of cosmopolitan dispersal similar to the 
intercontinental distribution of certain protist morphotypes, certain cyanobacteria and 
some thermophilic archaea in the literature (9, 20, 26).
The central hypothesis that the environmental parameters that regulate the distribution 
of Korarchaeota can be defined was not entirely supported nor rejected. No specific 
environmental parameters, other than temperature, were discovered that regulate 
Korarchaeota distribution; however, it was determined that Korarchaeota reside in 
geochemically diverse hot springs with a wide range of most individual analytes. The 
successful training, albeit with low accuracy (62%), of the C-SVM to predict whether a 
given spring contains Korarchaeota suggests that hot spring chemistry has some 
relationship to their presence or absence. The second hypothesis that Korarchaeota show 
biogeographical and/or physicochemical grouping was supported more so by the 
bio geography than the physiochemistry. Phylogenetic analysis indicated grouping of the 
“Ca. K. cryptofilum“-like Korarchaeota clones according to geographic location and 
indicated six new Korarchaeota clones could represent novel genus-level phylotypes.
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APPENDIX 
A l . Description of GB and YNP hot springs in which Korarchaeota 16S rRNA genes were not detected.
Temp
Hot Spring Name Thermal Region Thermal Area GPS sample type (mineralogy)® ("C) pH
Great Basin
SCI Smith Creek Smith Creek 39°18.816N 117°32.778'W NA 77.6 7.20
GBS17a Great Boiling Springs Great Boiling Sprgs 40°39.689N 119°29.968'W brown mud (S,1,K,Q,Z) 73.4 7.44
GBS04b Great Boiling Springs Great Boiling Sprgs 40”39.749N 119°21.986'W compact gray sediment, 
green/brown mat (S,I,K,Q,Z)
76.8 7.62
GBSX2 Great Boiling Springs Great Boiling Sprgs 40°39.762N 119°21.991'W gray sediment, brown/red mat 55.5 6.76
GBS 09 Great Boiling Springs Great Boiling Sprgs 40°39.778N 119°21.996'W gray/brown sediment, 
brown/gray/green mat
45.8 7.77
GBSCl Great Boiling Springs Great Boiling Sprgs 40°39.755N 119°22.258'W sediment, fluffy gray/brown 
mat




GBS 16 Great Boiling Springs Great Boiling Sprgs 40”39.695N 119°21.971'W 60.7 7.75
GBS 15 Great Boiling Springs Great Boiling Sprgs 40°39.709'N 119°21.965'W 67.7 7.59
GBSX3 Great Boiling Springs Great Boiling Sprgs 40”3 9.77234 119”21.989'W gray sediment, brown/orange 
mat
fluffy gray sediment, 
brown/green/orange mat
58.4 7.18
GBS 10 Great Boiling Springs Great Boiling Sprgs 40=39.79434 119°21.998'W 52.5 7.23
GBS 19 Great Boiling Springs Great Boiling Sprgs 40=39.76334 119°22.017'W rocky brown/gray hard 
sediment
90.7 7.22
SSE Great Boiling Springs Sandy Springs 40=39.17334 119°22.471'W gray muddy sediment 
(S,I,K,Q,KF)
77.0 7.30
SSWcon2 Great Boiling Springs Sandy Springs 40=39.17234 119=22.485’W charcoal gray sediment, thick 
green/brown flakey mat
58.6 8.28
SSWcon3 Great Boiling Springs Sandy Springs 40=39.12134 119=22.465'W clumpy charcoal & It. brown 
sediment, green gel-like mat
50.7 8.43
U)
SVXl Surprise Valley Surprise Valley 41=32.04934 120=04.386 W airy brown/gray sediment 72.3 8.25
SV2 Surprise Valley Surprise Valley 41=32.04234 120=04.367'W It. brown rocky mud 83.5 8.18
SVX3 Surprise Valley Surprise Valley 41=32.08534 120=04.385'W brown/green mud 80.0 8.29
SV2con8 Surprise Valley Surprise Valley 41=32.02034 120°04.251'W gray/lt. brown sediment, 
brown/green filaments
56.8 8.73
SV2conl7 Surprise Valley Surprise Valley 41=32.05434 120=04.129'W fine thick gray sediment, 
brown/green filaments
49.2 8.93
SV2conl8 Surprise Valley Surprise Valley 41=32.02634 120=04.125'W fluffy green/brown biomass 38.6 8.93
LHCconl Long Valley Caldera Little Hot Creek 37=41.43234 118=50.642'W sediment, brown/green 
filaments
69.2 6.92
LHCcon3 Long Valley Caldera Little Hot Creek 37=41.42034 118=50.5 lO'W black mat 51.0 7.94
LHCcon4 Long Valley Caldera Little Hot Creek 37=41.40134 118=50.549'W green/brown biomass 43.0 8.23
LHCconS
owstone National Park
Long Valley Caldera Little Hot Creek 37=41.39734 118=50.521'W green/brown biomass 37.1 8.26
Roman Bath (RB) Gibbon Geyser Basin Sylvan Springs NA off-white sand 89.2 1.44
Roman Bath OF 1 Gibbon Geyser Basin Sylvan Springs 44=41.96934 110=46.070'W gritty grey sand 58.0 1.30
Evening Primrose (EP) Gibbon Geyser Basin Sylvan Springs 44=41.96134 110=46.033'W gray mud 84.1 5.56
Goldielocks Gibbon Geyser Basin Sylvan Springs 44=42.00134 110=45.894'W gritty brown sand 52.9 1.80
The Dryer Gibbon Geyser Basin Sylvan Springs 44=41.97134 110°46.028'W light brown mud 42.1 4.97
Clear Eye (CE) Washburn Hot Springs "Washburn Area" NA brown mud 85.2 3.05
Rastaman (RM) Washburn Hot Springs "Washburn Area" NA red/orange sediment & rocks 83,3 3.17
Chest High (CH) Washburn Hot Springs "Washburn Area" NA black sediment 74.8 3.16
Mound OF (Mnd OF) Lower Geyser Basin Sentinel Meadows Grp 44=33.84034 110=51.757'W It. brown rocks 83.1 8.26
Mound Cone OF 1 Lower Geyser Basin Sentinel Meadows Grp 44=33.89134 110=51.605'W NA 88,0 8.80
Mound Cone OF 1.5 Lower Geyser Basin Sentinel Meadows Grp 44=33.89134 110=51.606'W Ig. particles, multicolor rocks 79,5 8.88
Mound Cone OF 2 Lower Geyser Basin Sentinel Meadows Grp 44=33.88734 110=51.610'W off-white, rocky 74,2 9.01
Mound Cone OF 3 Lower Geyser Basin Sentinel Meadows Grp 44=33.88834 110=51.614'W orange filaments 70,0 9,20
Mound Cone OF 4 Lower Geyser Basin Sentinel Meadows Grp 44=33.88834 110=51.615'W orange filaments 64,3 9.10
Bison Source (Bis Src) Lower Geyser Basin Sentinel Meadows Grp 44=34.17734 110=51.906'W Ig. white rocks, green biomass 93,6 7.81
Bison OF 1 Lower Geyser Basin Sentinel Meadows Grp 44=34.17934 110=51.903'W dark orange/red biomass 83,5 8.06
Bison OF 2 Lower Geyser Basin Sentinel Meadows Grp 44=34.18034 110=51.899'W gray/green/clear filaments 73,9 8.25
Bison OF 3 Lower Geyser Basin Sentinel Meadows Grp 44=34.18034 110=51.897'W green/orange biomass, gritty 70.9 8.28
Bison OF 4 Lower Geyser Basin Sentinel Meadows Grp 44=34.18434 110=51.894’W green/orange biomass, gritty 58.3 8.48





Steepcone OF 1 (SC OF 1) Lower Geyser Basin Sentinel Meadows Grp NA orange filaments 82.1 8.00
Steepcone OF 2 Lower Geyser Basin Sentinel Meadows Grp NA orange filaments 71.0 8.34
Flatcone OF 1 (FC OF 1) Lower Geyser Basin Sentinel Meadows Grp 44=34.1 ION 110°51.812'W orange/gray filaments 78.4 8.45
Flatcone OF 2 Lower Geyser Basin Sentinel Meadows Grp NA orange filament, green 
biomass
67.6 8.58
Boulder OF 1 (Bl) Lower Geyser Basin River Group 44=33.528N 110=50.635'W black sand 91.0 8.09
Boulder OF 2 Lower Geyser Basin River Group 44=33.526N 110=50.628'W black sand 81.0 8.42
Boulder OF 3 Lower Geyser Basin River Group 44=33.530N 110=50.624'W Ig. black particles 74.3 8.50
Boulder OF 4 Lower Geyser Basin River Group 44=33.531N 110=50.626'W green/orange biomass, gritty 65.5 8.63
MLS Source (MLS Src) Lower Geyser Basin NA 44=32.81 IN  110=51.008'W brown grit 94.0 7.85
MLS S OF 1 Lower Geyser Basin NA 44=32.807N 110=51.002'W brown grit 81.6 8.22
MLS S OF 2 Lower Geyser Basin NA 44=32.795N 110=51.008'W Ig. rocky sediment 68.6 8.37
MLS S OF 3 Lower Geyser Basin NA 44=32.792N 110=51.005'W orange/green biomass, sandy 64.0 8.46
MLS S OF 4 Lower Geyser Basin NA 44=32.786N 110=50.999'W orange/green biomass, Ig. 
particles
54.4 8.70
Octopus Source (Oct Src) Lower Geyser Basin White Creek Group 44=32.044N 110°47.873'W reddish gritty sand 90.7 7.58
Octopus OF 1 Lower Geyser Basin White Creek Group 44=32.042N 110°47.882'W orange clumpy biomass 80.9 7.79
Octopus OF 2 Lower Geyser Basin White Creek Group 44=32.046N 110=47.885'W off-white, rocky 70.0 8.08
Octopus OF 3 Lower Geyser Basin White Creek Group 44=32.046'N 110=47.899'W Ig. white rocks, 
orange/red/black biomass
65.0 8.25
Octopus OF 4 Lower Geyser Basin White Creek Group 44=32.045N 110=47.896'W green/orange biomass 54.8 8.41
Spent Kleenex Source (SK Src) Lone Star NA NA brown sand 87.9 8.11
Spent Kleenex OF Lone Star NA NA orange filaments 77.1 8.27
Queen's Laundry (QL) Lone Star NA NA brown/gray mud 88.5 7.61
Queen's Laundry OF 1 Lone Star NA NA It. brown rocks 75.7 7.72
Slinky OF 1 Lone Star NA NA Ig. beige/multicolor rocks 77.8 7.95
Slinky OF 2 Lone Star NA NA Ig. beige/multicolor rocks 67.6 8.21
Log Jam Lone Star NA NA beige sand 81.0 7.08
Figure 8 (Fig 8) Mud Volcano Area "GOPA" NA gray grit, fine brown sediment 65.7 4.55
Rainbow Upper Geyser Basin Calcite 44=27.75 IN 110=51.294'W black sediment 72.3 6.57
Klench! Upper Geyser Basin Calcite NA steel gray sand 94.3 8.28
Glacial Saphire Pool (GSP) Upper Geyser Basin Calcite NA gritty gray sand 75.6 8.11
By The Rock Upper Geyser Basin Calcite NA black sediment 73.2 6.67
erals detected, S, smectite; I, illite; K, kaolinite; Q, quartz; KF, potassium feldspar; PF, plagioclase feldspar; CA, carbonate apatite; Z, zeolite clinoptilolite; C, calcite.
NA, not available
A2. Concentration of chemical analytes measured in hot spring bulk water.
Sample ID 060515 060516 060531 060601 060531 060601 060602
Sample Name SCI GVSl GBS 17a GBS 04b GBSX2 SSW SSE SVXl
Field Measurements
Cond(pS) 745 NA'’ 5971' 6629' 8630” 5571' 5600' 1029'
Max Temp
m 77.6 91.0 73.4 76.8 55.7” 86.6 77.0 72.3
Analytes (mol/L)
O2 O.OOE+00 4.38E-05 5.31E-05 5.00E-05 9.06E-05” 9.38E-06 3.75E-05 5.31 E-05
NO]- 1.22E-06 O.OOE+00 2.59E-05 4.20E-06 1.48E-05” 5.32E-07 9.05E-07 1.54E-06
N O f 1.82E-05 2.17E-05 7.11E-05 2.96E-06 2.87E-07” 9.56E-07 7.65E-06 5.74E-06
NHT 7.44E-05 8.44E-05 1.83E-05 1.24E-04 1.05E-05” 4.72E-05 6.11 E-05 2.67E-05
s'- 1.68E-05 O.OOE+00 O.OOE+00 O.OOE+00 1.87E-06” 3.12E-06 1.87E-06 4.68E-06
SiO] 7.49E-04 1.51E-03 l.lOE-03 1.20E-03 3.79E-03” 1.18E-03 1.12E-03 1.07E-03
CaCO] 2.00E-03 3.62E-03 6.79E-04 6.79E-04 6.39E-04" 8.39E-04 8.79E-04 4.40E-04
Isotopes
5 " 0 -16.5300 -16.5700 -10.3700 -10.5800 -9.5300 -10.9400 -11.5800 -13.9900
5 " 0  (SD)' NA NA NA NA NA NA NA NA
80 -132.5000 -131.9000 -100.9000 -101.0000 -96.7000 -101.4000 -102.6000 -118.2000
5 0  (SD) NA NA NA NA NA NA NA NA
1C Analytes (mol/kg)
P- NA NA 2.17E-04" 2.42E-04" 2.49E-04” 2.01E-04” NA 2.67E-04”
ci- 6.70E-04 7.81E-04 6.10E-02 6.10E-02 6.25E-02 5.66E-02 5.75E-02 5.22E-03
Br- 4.5 IE-07 <4.51E-07 6.95E-05 7.01E-05 7.17E-05 6.43 E-05 6.60E-05 1.07E-05
SO4'- 1.06E-03 5.17E-04 3.99E-03 3.97E-03 4.07E-03 3.72E-03 3.79E-03 3.10E-03
PO4'- <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07
Li" 4.90E-05 8.64E-05 1.79E-04 1.79E-04 1.94E-04 1.64E-04 1.79E-04 2.88E-06
Na* 7.19E-03 5.46E-03 6.65E-02 6.75E-02 6.99E-02 6.19E-02 6.27E-02 1.20E-02
NH4" <2.33E-05 1.33E-04 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33 E-05
K* 1.89E-04 1.05E-03 2.85E-03 2.84E-03 2.94E-03 2.69E-03 2.66E-03 1.27E-04
Mg'" <6.99E-06 4.65E-04 <6.99E-06 <6.99E-06 <6.99E-06 4.11E-06 4.11E-06 <6.99E-06
Ca'" 1.39E-04 1.15E-03 1.80E-03 1.72E-03 2.04E-03 1.95E-03 1.93E-03 4.91E-04
ICP Analytes (mol/kg)
Li7 5.04E-05 9.23E-05 2.19E-04 2.15E-04 2.24E-04 2.06E-04 2.07E-04 1.25E-05
Be9 2.44E-08 4.55E-08 <1.33E-09 <1.33E-09 <1.33E-09 <1.33E-09 <1.33E-09 <1.33E-09
B ll 6.09E-05 7.22E-05 8.79E-04 9.02E-04 9.21E-04 7.88E-04 6.20E-04 5.31E-04
Mg24 NA NA 5.31E-05 4.08E-05 7.25E-05 1.16E-04 1.14E-04 2.55E-06
A127 2.08E-06 7.30E-07 1.67E-06 1.95E-06 1.04E-06 8.15E-07 7.41E-07 1.96E-06
S128 NA NA NA NA NA NA NA NA
P31 NA NA NA NA NA NA NA NA
Sc45 NA NA NA NA NA NA NA NA
Ti47 4.18E-09 4.59E-09 6.27E-09 6.27E-09 3.97E-09 6.27E-09 3.76E-09 4.18E-09
V51 1.57E-09 1.79E-09 <3.71E-10 1.20E-08 <3.71E-10 <3.71E-10 2.16E-09 5.69E-09
Cr52 3.27E-09 2.88E-09 2.12E-09 2.12E-09 2.50E-09 2.12E-09 1.73E-09 1.77E-09
Mn55 2.18E-07 1.55E-07 3.82E-07 1.71E-07 7.55E-08 l.OOE-06 8.56E-07 2.99E-08
Fe56 1.99E-07 7.70E-07 2.29E-07 1.24E-07 1.61E-07 2.18E-07 2.35E-07 1.36E-07
Co59 <1.26E-10 6.11E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10
Ni60 2.06E-09 8.35E-09 2.21E-09 <4.81E-10 2.90E-09 <4.81E-10 <4.81E-10 1.02E-09
Cu63 1.02E-08 l.OlE-08 1.12E-08 1.18E-08 1.81E-08 1.02E-08 <2.73E-10 6.14E-09
Zn66 7.78E-07 3.26E-07 4.50E-07 1.59E-07 2.60E-07 1.38E-07 5.35E-08 5.66E-07
Ga69 5.34E-08 1.28E-09 2.40E-08 3.01E-08 1.43E-08 <2.81E-10 <2,81E-10 2.87E-08
NA, not analyzed
‘ conductivity converted from g/L to gS using formula (gS/cm x 0.7 = ppm TDS) 
SD, standard deviation
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Sample ID 060515 060516 060531 060601 060531 060601 060602
Sample Name SCI GVSl GBS 17a GBS 04b GBS X2 SSW SSE SVXl
ICP Analytes (mol/kg)
Ge72 1.28E-07 1.02E-07 1.58E-07 1.65E-07 1.68E-07 1.38E-07 1.40E-07 1.24E-07
As75 3.47E-07 5.07E-07 9.74E-07 1.29E-06 9.21E-07 8.41E-07 5.47E-07 2.39E-06
Se77 <3,46E-09 <3.46E-09 <3.46E-09 <3.46E-09 3.80E-09 <3.46E-09 <3.46E-09 <3,46E-09
Rb86 5.27E-07 1.64E-06 7.49E-06 7.58E-06 7.69E-06 7.02E-06 6.94E-06 2.54E-07
Sr88 2.05E-06 1.26E-05 3.04E-05 3.11E-05 3.29E-05 3.23 E-05 3.24E-05 2.64E-06
Y89 1.12E-10 2.25E-10 2.81E-10 <2.44E-11 <2.44E-11 <2.44E-11 <2.44E-11 <2.44E-11
Nb93 <5.47E-11 <5.47E-11 <5.47E-11 <5,47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11
Mo95 4.44E-08 4.48E-09 3.86E-08 4.38E-08 4.81E-08 4.59E-08 3.96E-08 2.75E-07
Agi 09 2.78E-09 2.78E-09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d ll l 4.09E-10 6.05E-10 <5.28E-11 <5.28E-11 <5.28E-11 <5.28E-11 <5.28E-11 8.27E-10
S n l l8 3.71E-10 5.56E-10 2.11E-09 2.27E-09 1.77E-09 1.68E-09 1.56E-09 4.46E-10
Sbl23 5.86E-08 9.69E-08 6.62E-08 6.49E-08 5.67E-08 3.78E-08 3.29E-08 2.52E-08
Csl33 4.13E-07 6.40E-07 1.70E-06 1.70E-06 1.81E-06 1.53E-06 1.51E-06 8.20E-08
Bal38 6.52E-08 1.87E-06 6.70E-07 8.67E-07 1.02E-06 1.06E-06 9.68E-07 4.01E-08
Lal39 1.02E-09 5.24E-10 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 5.97E-10
Prl41 1.56E-10 9.23E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11
Ndl46 3.74E-10 2.70E-10 <3.43E-11 <3.43E-11 <3.43E-11 <3.43E-11 <3.43E-11 <3.43E-11
Sml47 <2.91E-11 <2.9 IE -11 <2.91E-11 <2.91E-11 <2.9 IE -11 <2.91E-11 <2.9 IE -11 <2.9 IE -11
Eu 153 3.29E-11 7.57E-10 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11
Gdl57 5.09E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11
Tbl59 <2.24E-11 <2.24E-11 <2,24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2,35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1,77E-11 <1.77E-11 <1,77E-11
Ybl72 <3,47E-11 <3,47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11
Hfl78 1.62E-10 <1,95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1,95E-11 <1.95E-11 <1.95E-11
Tal81 1.27E-10 <2.39E-11 <2.39E-11 <2.39E-11 <2.39E-11 <2.39E-11 <2.39E-11 <2.39E-11
W182 2.07E-07 l.OOE-07 2.94E-07 2.99E-07 3.05E-07 2.61E-07 2.50E-07 2.67E-07
T1205 3.08E-10 1.60E-09 1.38E-08 1.79E-08 1.83E-08 1.05E-08 1.22E-08 <1.87E-11
Pb208 1.38E-09 1.08E-09 <2.69E-11 <2.69E-11 <2.69E-11 <2.69E-11 <2.69E-11 1.25E-09
BI209 6,70E-11 4.79E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 4.31E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11
U238 2.94E-11 4.20E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11
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Sample ID 060602 060602 060602 060630 060630 060630 060701 070619
Sample Name SV2 SVX3 SVX2 LHC-1 LHC -3 LHC-4 HC-1 GBS 09
Field Measurements
Cond (pS) 1004' 1007' 1003' 2680 2380 2260 2130 8600
Max Temp
m 83.5 80.0 83.0 82.5 79.0 78.7 80.0 46.8
Analytes (mol/L)
O2 1.25E-05 2.19E-05 1.56E-05 O.OOE+00 O.OOE+00 O.OOE+00 1.88E-05 1.25E-04
NO]- O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 5.75E-06
NO]- O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 O.OOE+00 1.29E-06
NHT 2.44E-05 3.39E-05 3.00E-05 1.98E-04 6.39E-05 6.83E-05 2.89E-05 3.55E-05
S'- 7.48E-06 7.48E-06 7.48E-06 2.15E-05 1.68E-05 1.68E-05 1.87E-06 1.87E-06
S102 1.15E-03 1.07E-03 1.35E-03 l.lOE-03 1.31E-03 1.16E-03 3.49E-03 4.66E-03
CaCO] 3.40E-04 3.90E-04 4.20E-04 5.30E-03 5.10E-03 5.30E-03 4.30E-03 9.59E-04
Isotopes
5'*0 -14.5000 NA -14.1500 -15.4400 -15.3600 -15.2800 -15.0200 NA
5'*0 (SD) NA NA NA NA NA NA NA NA
8D -119.6000 NA -119,1000 -124.2000 -123.2500 -122.2100 -118.8700 NA
8D (SD) NA NA NA NA NA NA NA NA
1C Analytes (mol/kg)
F‘ 2.68E-04” NA 2.63E-04” 5,00E-04” 4.96E-04” 4.95E-04” NA 2.41E-04
Cl 5.13E-03 5.16E-03 5.13E-03 5.24E-03 5.06E-03 4.88E-03 5.18E-03 5.76E-02
B f 1.05E-05 1.09E-05 1.06E-05 1.55E-06 1.21E-06 1.30E-06 3.92E-06 6.70E-05
SO4'- 3.07E-03 3.07E-03 3.06E-03 9.99E-04 9.58E-04 9.34E-04 9.76E-04 3.50E-03
P04’- <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07
Li" 3.26E-06 3.31E-06 3.31E-06 3.72E-04 3.50E-04 3.41E-04 2.98E-04 2.15E-04
Na" 1.19E-02 1.20E-02 1.19E-02 1.73E-02 1.65E-02 1.60E-02 1.50E-02 6.05E-02
NH4" 2.33E-05 l.llE -05 2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33 E-05
K" 1.25E-04 1.23E-04 1.24E-04 6.74E-04 6.45E-04 6.28E-04 5.34E-04 2.67E-03
Mg'" <6,99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06
Ca'" 4.86E-04 4.88E-04 4.80E-04 5.50E-04 5.11E-04 4.96E-04 3.88E-04 1.59E-03
ICP Analytes (mol/kg)
Li7 1.21 E-05 1.18E-05 1.20E-05 3.43E-04 3.35E-04 3.50E-04 2.93E-04 2.46E-04
Be9 <1.33E-09 <1.33E-09 <1.33E-09 3.14E-07 3.33E-07 3.36E-07 3.26E-07 2.33E-08
B ll 4.85E-04 5.38E-04 4.96E-04 8.21E-04 8.28E-04 8.34E-04 8.70E-04 7.49E-04
Mg24 3.25E-06 2.26E-06 2.18E-06 2.59E-05 2.59E-05 2.60E-05 2.37E-05 6.42E-05
A127 2.01E-06 1.85E-06 2.08E-06 3.22E-06 2.26E-06 2.04E-06 2.67E-06 9.53E-07
Si28 NA NA NA NA NA NA NA 3.35E-03
P31 NA NA NA NA NA NA NA 9.36E-07
Sc45 NA NA NA NA NA NA NA NA
T147 3.97E-09 <1.30E-09 4.18E-09 <1.30E-09 <1.30E-09 <1.30E-09 <1.30E-09 8.35E-09
V51 5.50E-09 5.32E-09 5.20E-09 <3.71E-10 <3.71E-10 <3.71E-10 <3.71E-10 9.62E-09
Cr52 2.56E-09 1.37E-09 4.04E-09 <3.43E-10 <3.43E-10 3.85E-08 <3,43E-10 3.46E-09
Mn55 1.82E-08 2.08E-08 1.71E-08 3.37E-06 3.46E-06 3.53E-06 1.77E-06 2.82E-07
Fe56 1.72E-07 9.49E-08 2.35E-07 1.56E-06 2.08E-06 2.18E-06 4.83E-07 2.98E-07
Co59 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 1.36E-09
N160 2.39E-08 4.94E-10 l.OlE-09 <4.81E-10 <4,81E-10 <4.81E-10 <4.81E-10 9.54E-09
Cu63 9.13E-09 4.25E-09 1.48E-08 <2.73E-10 <2.73E-10 <2.73E-10 <2.73E-10 1.72E-08
Zn66 1.59E-07 2.34E-07 1.38E-07 3.52E-08 6.27E-08 2.45E-08 3.98E-08 3.06E-07
Ga69 2.98E-08 3.00E-08 2.93E-08 <2.81E-10 <2.81E-10 <2.81E-10 <2.81E-10 l.lOE-08
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Sample ID 060602 060602 060602 060630 060630 060630 060701 070619
Sample Name SV2 SVX3 SVX2 LHC-1 LH C -3 LHC-4 HC-1 GBS 09
ICP Analytes (mol/kg)
Ge72 1.18E-07 1.20E-07 1.18E-07 3.31E-07 3.31E-07 3.31E-07 3.44E-07 1.78E-07
As75 2.58E-06 2.40E-06 2.7IE-06 9.81E-06 9.76E-06 9.80E-06 I.37E-05 8.6IE-07
Se77 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 3.80E-09
Rb86 1.99E-07 2.35E-07 1.95E-07 2.04E-06 2.05E-06 2.05E-Ô6 1.81E-06 7.37E-06
Sr88 2.53E-06 2.56E-06 2.53E-06 6.16E-06 6.12E-06 6.19E-06 4.12E-06 3.40E-05
Y89 <2.44E-11 3.37E-11 <2.44E-11 <2.44E-11 <2.44E-11 <2,44E-11 <2.44E-11 <2.44E-11
Nb93 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11
Mo95 3.02E-07 2.66E-07 2.71E-07 1.88E-09 2.08E-09 2.04E-09 5.32E-09 4.09E-08
Agi 09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll 1.42E-09 5.60E-10 1.42E-09 <5.28E-11 <5.28E-11 <5.28E-11 <5.28E-11 3.56E-09
S n l l8 5.05E-10 4.21E-10 6.15E-10 5.39E-10 5.39E-10 5.39E-I0 6.23E-10 <2,08E-11
Sbl23 2.44E-08 2.53E-08 2.49E-08 1.78E-07 1.71E-07 1.79E-07 6.49E-07 6.79E-08
Csl33 8.05E-08 8.05E-08 8.05E-08 1.43E-06 1.44E-06 1.44E-06 1.49E-06 1 66E-06
Bal38 3.93E-08 3.74E-08 4.10E-08 1.09E-06 l.llE -0 6 l.llE -0 6 6.19E-07 9.04E-07
La 139 1.31E-09 <5.52E-11 1.17E-09 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11
Prl41 <2.48E-11 <2.48E-11 <2,48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11
Ndl46 5.55E-10 <3.43 E-11 <3.43 E-11 <3.43E-11 <3.43E-11 <3.43E-11 <3.43 E-11 <3.43E-11
Sml47 <2.91E-11 <2.91 E-11 <2.9 IE -11 <2.9 IE -11 <2.9 IE -11 <2.91E-11 <2.9 IE -11 <2.91E-11
Eu 153 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2,78E-11 <2.78E-11 O.OOE+00
Gdl57 <4.73 E-11 <4.73E-11 <4.73 E-11 <4.73 E-11 <4.73E-11 <4.73E-11 <4.73 E-11 <4.73E-11
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 <3,47E-11 <3.47E-11 <3.47E-I1 <3.47E-1I <3.47E-I1 <3.47E-1I <3.47E-11 <3.475-11
Hfl78 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.955-11
Tal81 <2.39E-11 <2.39E-11 <2.39E-11 <2,39E-11 <2.39E-11 <2.39E-11 <2.39E-11 8.01E-10
W182 2.77E-07 2.61E-07 2.61E-07 4.51E-07 4.51E-07 4.51E-07 7.91E-07 3.165-07
T1205 <1.87E-11 <1.87E-11 <1.87E-11 <1.87E-11 <1.87E-11 <1.87E-11 2.45E-09 1.405-08
Pb208 2.90E-09 <2.69E-11 2.41E-09 5.89E-10 7.82E-10 4.44E-10 1.08E-09 5.36E-08
B1209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 3.06E-09
Th232 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.825-11
U238 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11 <1.65E-11
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Sample ID 070929 070929 070929 060804D 060807F 060807K 060808G 060809A
Sample Name LHCcon3 LHCcon4 LHCcon5 SS& SO Mnd OF SC QL OF 1 F L IP .
Field Measurements
Cond (|iS) 2110 2130 2080 2790 3341 3681 3296” 9330”
Max Temp
(°C) 51.0 43.0 37.1 56.7 83.1 93.6 75.7 85.9”
Analytes (mol/L)
0 : 1.3 IE-04 1.88E-04 9.38E-05 3.75E-05 7.19E-05 NA 1.255-05 NA
NO]- 7.8 IE-06 2.84E-06 O.OOE+00 2.26E-05 2.47E-04 NA 5.325-05 1.065-04
NO]- O.OOE+00 O.OOE+00 O.OOE+00 1.13E-06 1.35E-06 NA 3.025-06 1.745-07
NHT 3.39E-05 2.55E-05 1.78E-05 < l.llE -0 6 4.05E-06 NA 2.225-06 2.915-02
S'- O.OOE+00 O.OOE+00 O.OOE+00 1.27E-05 2.27E-05 NA 1.345-06 1.965-06
SiO] 7.32E-04 6.66E-04 5.99E-04 6.77E-03 6.03E-03 NA 3.825-03 NA
CaCO] 5.00E-03 5.94E-03 5.40E-03 1.50E-04 2.32E-03 NA 2.685-03 NA
Isotopes
5‘*0 NA NA NA -12.7928 -17.0567 -17.1218 -16.5008 -3.4738
5 " 0  (SD) NA NA NA 0.0633 0.0633 0.1123 0.0197 0.1123
5D NA NA NA -129.7031 -142.5418 -144.0939 rl41.5305 -111.2063
5D (SD) NA NA NA 0.7298 0.7274 0.4700 0.9755 0.4700
1C Analytes (mol/kg)
F 5.23E-04 5.29E-04 5.I4E-04 1.06E-03 1.65E-03 1.645-03 1.565-03 2.70E-05
cr 5.91E-03 5.98E-03 5.88E-03 7.88E-03 6.97E-03 7.07E-03 6.435-03 7.915-06
Br- <4.51E-07 l.OOE-04 5.93E-05 8.68E-06 8.03E-06 7.97E-06 7.165-06 1.415-06
SO4'- 1.23E-03 1.22E-03 1.12E-03 2.82E-03 1.89E-04 1,485-04 2.585-04 1.365-02
PO]'- <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.745-07 <4.745-07 4.165-06
Li" 4.25E-04 4.43E-04 4.46E-04 2.42E-04 1.94E-04 2.165-04 2.945-04 <4.325-06
Na" 1.87E-02 1.99E-02 1.99E-02 1.37E-02 1.34E-02 1.365-02 1.405-02 1.775-03
NH4" <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.335-05 <2.335-05 2.895-02
K" 7.76E-04 8.01E-04 8.08E-04 8.95E-04 2.17E-04 2.36E-04 3.035-04 5.065-04
Mg'" 4.17E-05 4.16E-05 4.33E-05 <6.99E-06 <6.99E-06 <6.995-06 <6.995-06 2.845-04
Ca'" 3.90E-04 3.48E-04 2.96E-04 1.22E-04 <7.73E-06 <7.735-06 2.005-06 5.315-04
ICP Analytes (mol/kg)
Li7 NA NA NA 2.39E-04 2.25E-04 2.48E-04 3.035-04 1.015-05
Be9 NA NA NA 7.99E-08 1.56E-07 1.285-07 3.535-07 <1.335-09
B ll NA NA NA 5.75E-04 3.18E-04 3.205-04 2.665-04 9.705-04
Mg24 NA NA NA 3.66E-05 8.23E-06 6.915-06 6.795-06 3.995-04
A127 NA NA NA 3.11E-05 7.63E-05 1.565-05 1.565-05 3.455-05
Si28 NA NA NA 2.96E-03 4.78E-03 4.56E-03 3.525-03 2.335-03
P31 NA NA NA 1.90E-06 4.52E-06 5.685-06 1.905-06 1.045-05
Sc45 NA NA NA 1.40E-04 2.56E-05 1.095-05 1.875-05 5.185-04
Ti47 NA NA NA 2.05E-07 4.80E-09 6.685-09 4.185-09 1.675-08
V51 NA NA NA 4.63E-08 1.12E-08 1.285-08 3.935-09 3.445-08
Cr52 NA NA NA 4.42E-09 <3.43E-10 <3.435-10 <3.435-10 3.005-08
Mn55 NA NA NA 7.28E-07 5.46E-08 <1.765-10 4.005-08 2.485-06
Fe56 NA NA NA 6.39E-06 3.46E-06 1.025-06 1.475-06 4.985-06
Co59 NA NA NA 1.48E-09 <1.265-10 <1.265-10 <1.265-10 8.485-10
Ni60 NA NA NA 5.96E-09 1.535-09 <4,815-10 <4.815-10 1.215-08
Cu63 NA NA NA 6.14E-09 8,665-09 <2.735-10 1.375-09 4.255-09
Zn66 NA NA NA 4.50E-08 1.21E-07 1.155-08 1.385-08 8,335-08
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Sample ID 060809D 060809E 060809F JRH060805G 060810V 0608050 060811Y 070715S
Sample Name CE 
ICP Analytes (mol/kg)
EC RM AJ EP Dryer Rainbow GC70
Ge72 <7.26E-10 <7.26E-10 1.38E-08 5.65E-07 8.68E-07 8.54E-07 3.17E-07 4.17E-08
As75 2.80E-08 2.27E-08 4.00E-08 2.08E-05 4.40E-05 4.24E-05 1.44E-05 2.90E-08
Se77 <3.46E-09 <3,46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3,46E-09 <3.46E-09
Rb86 2.11E-07 1.33E-07 4.48E-07 1.99E-06 3.01E-06 3.28E-06 2.82E-06 1.31E-06
Sr88 5.71E-06 1.85E-06 5.18E-07 2.15E-07 2.33E-07 2.17E-07 6.06E-06 2.74E-06
Y89 4.95E-08 2.81E-09 6.52E-08 4.72E-10 4.50E-10 5.13E-09 3.37E-10 3.60E-10
Nb93 <5.47E-11 <5.47E-11 <5.47E-11 1.94E-10 <5,47E-11 <5.47E-11 <5,47E-11 <5.47E-11
Mo95 6.67E-07 4.07E-09 6.88E-09 1.95E-07 1.57E-06 2.01E-06 6.25E-09 9.52E-09
Agi 09 <4.26E-11 <4,26E-11 <4.26E-11 <4.26E-11 <4,26E-11 <4,26E-11 <4,26E-11 <4.26E-11
C d lll 1.89E-08 <5.28E-11' 4.45E-09 1.87E-10 6.23E-10 9.34E-10 <5.28E-11 1.42E-10
S n ll8 1.23E-08 5.31E-09 6.57E-09 3.69E-09 3.20E-09 2.15E-09 2.07E-09 1.43E-10
Sbl23 1.48E-07 1.15E-09 1.97E-09 4.60E-07 7.33E-07 9.09E-07 1.96E-07 1.03E-08
Csl33 6.47E-09 5.94E-09 1.44E-08 1.85E-06 2.66E-06 2.40E-06 9.03E-07 2.63E-08
Bal38 2.03E-07 2.57E-07 9.25E-08 1.12E-07 3.31E-07 3.41E-07 7.50E-07 1.20E-06
Lal39 1.30E-07 3.28E-09 2.98E-08 <5,52E-11 9.47E-10 2.22E-09 <5.52E-11 <5.52E-11
Prl41 2.37E-08 <2.48E-11 2.37E-08 <2,48E-11 <2.48E-11 3.83E-10 1.06E-10 <2.48E-11
Ndl46 6.38E-08 2.43E-09 l.OOE-07 <3.43E-11 2.77E-10 1.12E-09 3.54E-10 1.66E-10
Sml47 9.84E-09 <2.9 IE -11 1.84E-08 <2.91E-11 <2,91E-11 2.99E-10 <2,9 IE -11 <2.9 IE -11
Eu 153 2.90E-09 <2.78E-11 5.46E-09 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 9.21E-11
Gdl57 9.28E-09 <4.73E-11 1.28E-08 <4.73E-11 <4.73E-11 2.48E-10 <4.73 E-11 <4.73E-11
Tbl59 1.26E-09 <2.24E-11 2.08E-09 <2,24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 6.15E-09 <3.86E-n 9.97E-09 <3.86E-11 <3.86E-11 3.51E-10 <3.86E-11 <3.86E-11
Erl 66 3.71E-09 2.39E-10 5.20E-09 <2.35E-11 <2.35E-11 2.15E-10 <2.35E-11 <2.35E-11
Tml69 4.74E-10 <1.77E-11 6.51E-10 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 3.12E-09 <3.47E-11 4.39E-09 <3.47E-11 <3.47E-11 1.73E-10 <3.47E-11 <3.47E-11
Hfl78 5.60E-10 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1,95E-11 2.80E-11
Tal81 <2.39E-11 <2.39E-11 <2,39E-11 5.53E-09 2.76E-10 1.82E-10 <2.39E-11 1.82E-10
W182 5.82E-08 2.79E-08 3.55E-08 6.73E-07 1.03E-06 2.38E-06 1.54E-07 4.57E-08
T1205 3.91E-10 <1.87E-11 3.91E-10 8.81E-11 5.63E-10 7.34E-11 <1.87E-11 <1.87E-11
Pb208 3.96E-09 5.31E-10 1.50E-09 1.74E-10 1.45E-10 4.49E-10 3.04E-10 3.91E-10
81209 <1.47E-11 <1.47E-11 <1.47E-11 <1,47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 8.02E-09 <1.82E-11 2.15E-09 <1.82E-11 <1.82E-11 1.03E-10 7.76E-11 <1.82E-11
U238 1.09E-09 2.94E-10 7.98E-10 <1.65E-11 <1.65E-11 2.14E-10 <1,65E-11 8.40E-11
67
Sample ID 070715T 070715V 070715B 070714Y 070714A 070714B 070714C 070714G
Sample Name GC 57 OH Fig 8 Syl AS RB OF 1 Goldieloeks RB
Field Measurements
Cond (pS) 1014 1626 4067 5810 4380 3670 3779 1770
Max Temp
(°C) 57.3 84.5 65.7 81.2 74.4 58.0 52.9 89.2
Analytes (mol/L)
O2 6.88E-05 7.19E-05 l.OOE-04 4.38E-05 3.13E-05 1.84E-04 3.75E-05 I.8IE-04
NOT 4.03E-05 5.48E-05 5.64E-05 6.93E-05 2.03E-04 6.29E-05 I.29E-04 8.06E-05
NOT 2.26E-06 1.80E-06 2.61E-07 1.04E-06 1.52E-06 3.69E-07 I.48E-06 2.39E-07
N H / 2.89E-05 8.88E-06 7.77E-06 8.94E-05 8.88E-05 8.61E-04 2.72E-04 9.00E-04
s^- 1.59E-06 7.02E-06 7.14E-06 1.28E-05 4.29E-05 2.70E-05 6.08E-05 2.91 E-05
SiOz 3.64E-03 5.53E-03 6.12E-03 8.69E-03 4.77E-03 5.00E-03 4.56E-03 4.84E-03
CaCO, 3.60E-04 1.70E-04 7.99E-05 3.10E-04 2.53E-03 NA NA NA
Isotopes
5 " 0 NA NA NA NA NA NA NA NA
5 " 0  (SD) NA NA NA NA NA NA NA NA
5D NA NA NA NA NA NA NA NA
5D (SD) NA NA NA NA NA NA NA NA
IC Analytes (mol/kg)
F- 1.55E-04 8.84E-04 1.14E-03 1.16E-03 9.31E-04 NA 1.49E-04 4.78E-05
cr 8.79E-04 7.69E-03 1.04E-02 1.63E-02 8.19E-03 NA 3.92E-03 6.43E-05
Br- 2.20E-06 <4.51E-07 2.78E-05 4.03E-05 1.72E-05 NA I.33E-05 <4.51E-07
SO4'- 1.64E-03 2.58E-03 3.26E-03 2.02E-03 2.07E-03 NA 5.15E-03 9.12E-03
POj’- 2.58E-06 <4.74E-07 5.31E-04 1.34E-05 <4.74E-07 NA <4.74E-07 <4.74E-07
Li" 3.60E-05 2.61E-04 4.2 IE-04 9.18E-04 5.3 IE-04 <4.32E-06 1.90E-04 1.I3E-05
Na" 3.05E-03 1.35E-02 1.77E-02 2.01E-02 1.84E-02 8.1 IE-04 5.70E-03 7.92E-04
NH4" <2.33 E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 7.60E-04 I.62E-04 7.76E-04
K* 6.58E-04 9.33E-04 9.83E-04 1.27E-03 4.70E-04 5.I4E-04 6.04E-04 5.32E-04
Mg'" 4.18E-04 1.77E-05 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06
Ca'" 5.42E-04 1.53E-04 <7.73E-06 l.OlE-04 1.08E-04 4.37E-05 6.79E-05 6.47E-05
ICP Analytes (mol/kg)
L17 4.80E-05 3.10E-04 4.57E-04 1.02E-03 5.81E-04 3.47E-05 2.39E-04 2.32E-05
Be9 3.32E-07 8.32E-08 3.28E-07 3.55E-07 6.32E-07 3.85E-07 3.0 IE-07 3.25E-07
B ll 8.23E-05 7.21E-04 8.45E-04 8.97E-04 4.53E-04 I.52E-04 2.3 IE-04 1.46E-04
Mg24 3.71E-04 3.74E-05 7.27E-06 6.80E-07 1.21E-06 1.69E-05 I.80E-05 1.70E-05
A127 4.26E-05 1.54E-05 3.49E-05 1.05E-05 1.40E-05 I.09E-03 8.9 IE-04 I.14E-03
S128 3.80E-03 5.31E-03 5.09E-03 8.22E-03 4.49E-03 4.86E-03 3.74E-03 4.96E-03
P3I 5.88E-06 2.26E-06 l.lOE-07 3.78E-07 4.10E-07 3.03E-06 2.72E-06 2.49E-06
Sc45 NA NA NA NA NA NA NA NA
1147 6.06E-09 1.63E-08 1.04E-07 6.89E-09 6.20E-07 1.18E-06 5.39E-08 l.llE -06
V51 2.98E-08 4.06E-08 1.81E-08 1.65E-08 9.03 E-09 4.8 IE-08 4.40E-08 5.24E-08
Cr52 4.98E-09 4.85E-09 5.96E-09 7.69E-10 1.42E-08 3.I9E-08 2.54E-08 3.00E-08
Mn55 7.30E-06 7.99E-07 6.72E-07 5.04E-07 2.26E-07 2.20E-06 3.59E-06 2.13E-06
Fe56 1.12E-05 4.39E-06 5.07E-06 8.33E-07 8.76E-07 1.50E-04 6.54E-05 1.58E-04
Co59 1.44E-09 7.13E-10 9.50E-10 5.09E-10 2.71E-10 I.03E-08 5.09E-09 9.33E-09
N160 8.89E-09 1.29E-08 1.16E-08 3.41E-09 7.16E-08 2.90E-08 1.2 IE-08 1.96E-08
Cu63 2.47E-09 7.08E-09 5.10E-09 1.57E-09 1.90E-08 3.24E-08 2.83E-09 2.12E-08
Zn66 5.87E-08 2.17E-07 1.61E-07 4.59E-08 3.20E-07 I.59E-06 4.22E-07 9.60E-07





















Ge72 3.94E-08 5.23E-07 7.44E-07 9.64E-07 5.52E-07 2.20E-08 1.68E-07 1.90E-08
As75 3.59E-08 4.94E-06 7.21E-06 3.72E-05 1.72E-05 9.88E-07 6.67E-06 7.07E-07
Se77 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09
Rb86 I.33E-06 2.91E-06 3.60E-06 5.85E-06 1.66E-06 1.18E-06 1.43E-06 1.13E-06
Sr88 2.03E-06 3.99E-07 3.24E-07 1.79E-07 2.11E-07 2.26E-07 2.39E-07 2.08E-07
Y89 2.07E-09 1.19E-09 2.74E-09 2.42E-09 8.55E-10 2.64E-07 1.17E-07 2.43 E-07
Nb93 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 3.44E-10 2.07E-09 <5.47E-11 1.98E-09
Mo95 1.38E-08 2.95E-07 7.09E-07 1.95E-06 1.90E-07 3.79E-08 5.42E-09 3.40E-08
Agi 09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll 9.79E-I1 <5.28E-11 5.69E-10 1.51 E-09 <5.28E-11 8.18E-10 4.27E-10 7.29E-10
S n ll8 1.60E-10 3.37E-10 4.04E-10 2.53E-10 9.43E-10 6.40E-10 2.02E-10 9.43E-10
Sbl23 I.63E-09 2.08E-07 1.63E-07 3.58E-07 4.78E-07 4.58E-08 6.24E-09 4.07E-08
Csl33 2.28E-08 3.11E-07 5.49E-07 3.45E-06 1.65E-06 5.49E-08 4.43E-07 4.51E-08
Bal38 6.84E-07 1.85E-07 1.07E-07 3.68E-08 1.06E-07 5.44E-07 2.76E-07 5.40E-07
Lai 39 1.34E-09 7.28E-10 1.84E-09 8.01E-10 6.12E-10 3.38E-07 1.35E-07 3.28E-07
Prl41 3.48E-10 <2.48E-11 3.69E-10 1.42E-10 1.14E-10 7.74E-08 2.65E-08 7.17E-08
NdI46 I.29E-09 6.38E-10 1.25E-09 5.55E-10 <3.43E-11 2.62E-07 9.15E-08 2.48E-07
Sml47 <2.9 IE -11 1.33E-10 2.93E-10 <2.91E-11 <2.91 E -11 4.54E-08 1.71E-08 4.22E-08
Eu 153 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 5.07E-09 1.92E-09 4.67E-09
Gdl57 <4.73E-11 <4.73E-11 2.54E-10 1.59E-10 <4.73E-11 4.13E-08 1.60E-08 3.69E-08
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 6.36E-09 2.59E-09 5.73E-09
Dyl63 <3.86E-11 <3.86E-11 2.22E-10 <3.86E-11 <3.86E-11 3.24E-08 1.37E-08 3.00E-08
Erl66 <2.3 5 E-11 <2.35E-11 1.20E-10 <2.35E-11 <2.3 5 E-11 1.62E-08 7.22E-09 1.52E-08
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 2.04E-09 9.47E-10 1.94E-09
Ybl72 1.16E-10 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 1.21E-08 5.69E-09 1.17E-08
HH78 <1.95E-11 <1.95E-11 1.12E-10 2.24E-09 2.69E-10 1.34E-10 <1.95E-11 <1.95E-11
Tal81 9.95E-11 7.85E-10 3.98E-10 1.44E-09 5.53E-10 1.66E-10 <2.39E-11 <2.39E-11
W182 2.47E-08 8.21E-07 9.25E-07 1.09E-06 5.87E-07 1.27E-08 3.83E-08 6.04E-09
TI205 <1.87E-11 <1.87E-11 2.35E-10 2.45E-10 <1.87E-11 2.33E-09 1.04E-09 2.30E-09
Pb208 1.54E-10 2.99E-10 7.92E-10 <2.69E-11 5.08E-09 2.64E-08 8.69E-09 2.56E-08
BI209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 9.57E-11 <1.47E-11 1.05E-10
Th232 5.17E-11 2.67E-10 2.41E-10 5.60E-10 3.79E-10 3.19E-08 1.42E-08 3.75E-08






















Cond (pS) 3600 3289 3026 2942 2566 3585 3422 3242
Max Temp
m 93.6 83.5 73.9 70.9 58.3 88.0 79.5 74.2
Analytes (mol/L)
O2 3.13E-06 5.00E-05 4.38E-05 4.06E-05 9.69E-05 1.13E-04 5.31 E-05 7.19E-05
NOT 7.42E-05 6.29E-05 4.19E-05 6.29E-05 4.03E-05 2.77E-04 2.35E-04 1.74E-04
NOT 1.35E-06 1.26E-06 1.30E-06 2.13E-06 1.30E-06 1.76E-06 1.33E-06 8.04E-07
NH4" 5.55E-06 1.67E-06 l.llE -06 < l.llE -06 1.67E-06 3.89E-06 3.89E-06 1.67E-06
S'- 5.96E-06 1.84E-06 6.24E-07 3.12E-07 2.49E-07 3.45E-05 3.26E-05 1.76E-05
S102 5.66E-03 5.71E-03 5.65E-03 5.79E-03 6.07E-03 5.61E-03 5.07E-03 5.62E-03
CaCOj 1.98E-03 1.94E-03 2.08E-03 2.36E-03 2.30E-03 2.33E-03 2.36E-03 2.38E-03
Isotopes
5 " 0 NA NA NA NA NA NA NA NA
5 " 0  (SD) NA NA NA NA NA NA NA NA
5D NA NA NA NA NA NA NA NA
5D (SD) NA NA NA NA NA NA NA NA
1C Analytes (mol/kg)
F 1.03E-03 1.55E-03 1.42E-03 1.26E-03 1.32E-03 1.20E-03 1.20E-03 1.79E-03
Cl 5.14E-03 6.76E-03 6.86E-03 6.40E-03 6.86E-03 5.90E-03 5.93E-03 7.69E-03
Br" 1.02E-05 1.58E-05 1.54E-05 1.46E-05 1.90E-05 1.31 E-05 1.16E-05 1.91 E-05
S04'- 2.61E-04 2.93E-04 3.04E-04 2.84E-04 2.91E-04 2.29E-04 2.28E-04 2.92E-04
P04’- <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 4.39E-05 1.64E-05 <4.74E-07
Li" 3.10E-04 3.44E-04 3.34E-04 3.36E-04 3.38E-04 2.25E-04 2.28E-04 2.38E-04
Na" 1.33E-02 1.41E-02 1.38E-02 1.39E-02 1.39E-02 1.41E-02 1.42E-02 1.42E-02
NH4" <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05
K" 2.99E-04 3.26E-04 3.19E-04 3.22E-04 3.22E-04 2.66E-04 2.70E-04 2.79E-04
Mg'" <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06
Ca'" <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06
ICP Analytes (mol/kg)
L17 3.49E-04 3.53E-04 3.67E-04 3.69E-04 3.66E-04 2.59E-04 2.61E-04 2.64E-04
Be9 2.82E-07 3.34E-07 3.36E-07 3.33E-07 3.16E-07 2.14E-07 2.16E-07 2.06E-07
B ll 2.80E-04 2.83E-04 2.92E-04 2.91E-04 2.94E-04 3.19E-04 3.25E-04 3.25E-04
Mg24 9.09E-07 2.25E-07 1.93E-07 1.60E-07 2.80E-07 8.64E-08 4.07E-08 1.04E-07
A127 1.45E-05 1.42E-05 1.35E-05 1.36E-05 1.36E-05 1.46E-05 1.48E-05 1.46E-05
S128 5.09E-03 5.00E-03 4.63E-03 4.70E-03 4.59E-03 4.77E-03 4.06E-03 3.88E-03
P31 1.49E-07 1.87E-06 8.43E-08 7.85E-08 1.08E-06 2.87E-07 1.71 E-07 3.00E-07
Se45 NA NA NA NA NA NA NA NA
T147 3.09E-09 3.32E-09 2.51 E-09 2.51 E-09 3.34E-09 3.34E-09 3.55E-09 5.43E-09
V51 5.18E-09 4.32E-09 3.83E-09 4.51 E-09 4.51E-09 1.08E-08 l.lOE-08 1.18E-08
Cr52 1.23E-09 9.81E-10 4.04E-10 <3.43 E-10 4.04E-09 5.39E-10 6.92E-10 5.77E-10
Mn55 3.71E-08 4.10E-08 3.79E-08 3.79E-08 3.75E-08 7.35E-09 5.46E-09 1.06E-08
Fe56 2.67E-07 6.84E-08 6.63E-08 1.02E-07 2.33E-07 1.40E-07 8.24E-08 1.72E-07
Co59 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10
N160 1.70E-09 4.77E-09 8.18E-I0 8.52E-10 2.04E-09 9.7 IE-09 1.43 E-09 2.39E-09
Cu63 l.lOE-09 1.94E-09 6.61E-10 1.26E-09 1.89E-09 3.08E-09 1.09E-09 2.27E-09
Zn66 1.73E-08 1.73E-08 1.74E-08 1.59E-08 3.52E-08 3.17E-08 6.51 E-09 1.58E-08






















Ge72 5.65E-07 5.44E-07 5.47E-07 5.51E-07 5.65E-07 6.40E-07 6.34E-07 6.24E-07
As75 l.llE -05 1.17E-05 1.29E-05 1.21 E-05 1.24E-05 1.48E-05 1.56E-05 1.43E-05
Se77 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09
Rb86 1.40E-06 1.32E-06 1.32E-06 1.35E-06 1.32E-06 1.32E-06 1.22E-06 1.23E-06
Sr88 1.21E-08 7.77E-09 7.99E-09 7.42E-09 8.67E-09 5.25E-09 5.44E-09 5.27E-09
Y89 <2.44E-11 <2.44E-11 <2.44E-11 <2.44E-11 l.OlE-10 <2.44E-11 <2.44E-11 l.OlE-10
Nb93 <5.475-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 1.94E-10 <5.47E-11
Mo95 2.82E-07 2.92E-07 2.90E-07 2.90E-07 2.88E-07 2.91E-07 2.93E-07 2.93E-07
Agi 09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll <5.28E-11 1.33E-10 <5.28E-11 <5.28E-11 1.07E-10 <5.28E-11 <5.28E-11 <5.28E-11
S n ll8 3.03E-10 3.03E-10 2.27E-10 2.27E-10 2.78E-10 5.05E-10 4.55E-10 4.55E-10
Sbl23 3.28E-07 3.24E-07 3.21 E-07 3.19E-07 3.12E-07 3.77E-07 3.84E-07 3.76E-07
Csl33 5.82E-07 6.17E-07 6.03E-07 6.27E-07 6.10E-07 6.51 E-07 6.55E-07 6.44E-07
Bal38 6.09E-09 3.93E-09 3.71E-09 4.28E-09 7.21 E-09 2.48E-09 1.92E-09 2.82E-09
La 139 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11
Prl41 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11
Ndl46 <3.43E-11 <3.43E-11 <3.43E-11 <3.43 E-11 <3.43E-11 <3.43E-11 <3.43E-11 <3.43E-11
Sml47 <2.9 IE -11 <2.9 IE -11 <2.91E-11 <2.91 E-11 <2.9 IE -11 <2.9 IE -11 <2.9 IE -11 <2.9 IE -11
Eul53 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11
Gdl57 <4.73E-11 <4.73E-11 <4.73E-11 <4.73 E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73 E-11
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11
HD 78 6.72E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11
Tal81 3.32E-10 2.65E-10 1.99E-10 2.16E-10 1.49E-10 3.76E-10 3.98E-10 2.32E-10
W182 1.62E-06 1.63E-06 1.71E-06 1.72E-06 1.71E-06 1.93E-06 1.95E-06 1.93E-06
T1205 2.35E-10 8.95E-10 9.39E-10 9.25E-10 7.63E-10 9.59E-10 9.98E-10 8.37E-10
Pb208 <2.69E-11 I.OIE-IO <2.69E-1I <2.69E-1I 2.90E-10 1.54E-10 l.OlE-10 2.46E-10
BI209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11
U238 3.36E-11 2.52E-11 2.52E-11 2.52E-11 <1.65E-11 3.36E-11 3.78E-11 3.78E-11
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Sample ID 07071 IE 07071 IF 0707111 07071IJ 070708X 070707P 070707Q 070707R
Sample Name Mnd OF 3 Mnd OF 4 F C 0 F 2 FCOF 1 Aust B1 B2 B3
Field Measurements
Cond (pS) 3037 2941 2867 3201 13600 4134 3780 3534
Max Temp
( D 70.0 64.3 67.6 78.4 75.7 . 91.0 81.0 74.3
Analytes (mol/L)
NA NAO2 5.00E-05 5.00E-05 NA 8.66E-05 7.19E-05 5.63E-05
NOT 1.42E-04 1.06E-04 NA NA NA 3.43E-04 3.31E-04 2.03E-04
NOT 1.96E-06 3.26E-06 NA NA NA 1.30E-06 1.83E-06 1.17E-06
NH4" < l.llE -0 6 l.llE -0 6 NA NA NA 4.44E-06 2.78E-06 3.89E-06
S'- 1.42E-05 1.17E-05 NA NA NA 7.56E-05 6.32E-05 3.34E-05
S102 5.82E-03 5.80E-03 NA NA NA 4.33E-03 3.79E-03 4.28E-03
CaCOj 2.53E-03 2.47E-03 NA NA NA 1.84E-03 1.87E-03 2.00E-03
Isotopes
5‘*0 NA NA NA NA NA NA NA NA
5 " 0  (SD) NA NA NA NA NA NA NA NA
6D NA NA NA NA NA NA NA NA
6D (SD) NA NA NA NA NA NA NA NA
1C Analytes (mol/kg)
F- 1.57E-03 1.47E-03 1.28E-03 1.54E-03 <1.00E-06 1.88E-03 NA 1.38E-03
ci- 7.53E-03 7.36E-03 6.42E-03 6.55E-03 <2.26E-07 8.32E-03 NA 7.11E-03
Br 1.97E-05 1.56E-05 1.24E-05 1.36E-05 <4.51 E-07 2.35E-05 NA 1.46E-05
SO4'- 2.40E-04 2.49E-04 2.89E-04 2.78E-04 3.13E-02 2.86E-04 NA 2.55E-04
PO4'- <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 NA 6.15E-05
Li" 2.42E-04 2.45E-04 2.78E-04 2.78E-04 NA 3.68E-04 3.84E-04 NA
Na" 1.43E-02 1.45E-02 1.36E-02 1.32E-02 1.45E-04 1.48E-02 1.53E-02 NA
NH4" <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 5.94E-02 <2.33E-05 <2.33E-05 NA
K" 2.78E-04 2.78E-04 2.52E-04 2.52E-04 2.40E-04 2.28E-04 2.40E-04 NA
Mg'" <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 NA
Ca'" <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73 E-06 NA
ICP Analytes (mol/kg)
L17 2.68E-04 2.74E-04 2.74E-04 3.00E-04 6.63E-07 4.08E-04 4.15E-04 4.32E-04
Be9 2.19E-07 2.19E-07 1.99E-07 2.66E-07 4.44E-09 1.53E-07 1.55E-07 1.53E-07
B ll 3.30E-04 3.36E-04 2.62E-04 2.85E-04 3.01E-03 3.64E-04 3.74E-04 3.98E-04
Mg24 3.79E-08 4.98E-08 1.19E-06 3.06E-07 1.93E-04 1.61E-07 1.75E-07 1.81 E-07
A127 1.42E-05 1.44E-05 1.46E-05 1.49E-05 1.02E-05 1.30E-05 1.38E-05 1.32E-05
S128 4.27E-03 4.27E-03 4.24E-03 4.76E-03 2.02E-03 3.40E-03 3.38E-03 3.42E-03
P31 5.94E-08 7.85E-07 1.74E-07 2.49E-07 6.13E-07 2.87E-07 1.84E-06 2.45E-07
Sc45 NA NA NA NA NA NA NA NA
T147 3.76E-09 3.76E-09 4.18E-09 5.58E-09 4.05E-07 2.09E-09 3.13E-09 1.67E-09
V51 l.lOE-08 1.04E-08 1.16E-08 1.12E-08 1.65E-07 7.26E-09 9.82E-09 6.87E-09
Cr52 <3.43E-10 9.23E-10 l.lOE-09 5.77E-10 2.00E-08 4.62E-10 <3.43E-10 2.38E-09
Mn55 7.04E-09 6.92E-09 4.55E-09 1.35E-08 1.87E-06 2.00E-08 2.18E-08 2.26E-08
Fe56 1.35E-07 1.05E-07 7.84E-08 7.07E-08 1.52E-06 5.35E-08 5.17E-08 8.67E-08
Co59 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10
N160 6.64E-10 5.11E-10 1.70E-09 1.87E-09 4.77E-08 8.86E-10 1.57E-09 2.90E-09
Cu63 7.08E-10 8.50E-10 3.15E-09 2.64E-09 2.33E-08 1.32E-09 1.51 E-09 1.51 E-09
Zn66 5.66E-09 9.79E-09 1.06E-08 1.28E-08 2.91 E-07 7.80E-09 1.27E-08 4.34E-08





















Ge72 6.34E-07 6.54E-07 5.59E-07 5.61E-07 3.86E-09 7.59E-07 7.48E-07 7.51 E-07
As75 1.31 E-05 1.48E-05 1.20E-05 l.OlE-05 8.94E-09 2.31 E-05 2.18E-05 2.03E-05
Se77 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 8.87E-09 <3.46E-09 <3.46E-09 <3.46E-09
Rb86 1.19E-06 1.24E-06 9.83E-07 1.22E-06 9.44E-08 1.23E-06 1.25E-06 1.22E-06
Sr88 6.51E-09 5.59E-09 1.26E-08 1.21E-08 2.10E-06 3.80E-08 3.99E-08 3.91E-08
Y89 <2.44E-11 <2.44E-11 <2.44E-11 <2.44E-11 1.35E-09 <2.44E-11 <2.44E-11 1.35E-10
Nb93 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11
Mo95 2.96E-07 3.02E-07 2.97E-07 2.94E-07 <7.25E-11 4.90E-07 5.00E-07 4.79E-07
Agi 09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll 1.33E-10 <5.28E-11 1.33E-10 1.33E-10 <5.28E-11 3.20E-10 2.85E-10 2.14E-10
S n ll8 4.55E-10 4.55E-10 5.56E-10 5.31E-10 l.lOE-09 2.36E-10 2.70E-10 2.70E-10
Sbl23 3.78E-07 3.98E-07 3.28E-07 3.28E-07 6.57E-10 6.06E-07 6.18E-07 6.09E-07
Csl33 6.45E-07 6.64E-07 2.71E-07 2.88E-07 3.39E-09 2.05E-06 2.08E-06 2.06E-06
Bal38 1.92E-09 2.10E-09 5.68E-09 3.28E-09 2.50E-07 3.35E-09 3.52E-09 3.79E-09
La 139 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 1.46E-09 <5.52E-11 <5.52E-11 <5.52E-11
Prl41 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 3.55E-10 <2.48E-11 <2.48E-11 <2.48E-11
Ndl46 <3.43 E-11 <3.43E-11 <3.43E-11 <3.43E-11 1.18E-09 <3.43E-11 <3.43E-11 <3.43E-11
Sml47 <2.9 IE -11 <2.9 IE -11 <2.91E-11 <2.91E-11 <2.91E-11 <2.91E-11 <2.91E-11 <2.91E-11
Eu 153 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11
Gdl57 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73 E-11 <4.73E-11
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 <3.47E-11 <3.47E-n <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-n <3.47E-11
HD 78 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 3.92E-10 1.57E-10 6.72E-11 <1.95E-11
Tal81 1.66E-10 2.32E-10 2.65E-10 1.82E-10 6.63 E-10 8.84E-10 5.53E-10 4.20E-10
W182 2.01E-06 2.07E-06 1.73E-06 1.63E-06 3.81E-10 2.40E-06 2.44E-06 2.42E-06
T1205 9.54E-10 1.07E-09 7.93E-10 6.90E-10 <1.87E-11 1.37E-10 1.57E-10 1.57E-10
Pb208 8.69E-11 l.OlE-10 l.OlE-10 l.OlE-10 3.81E-09 <2.69E-11 1.35E-10 3.09E-10
B1209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11
U238 3.78E-11 3.78E-11 5.04E-11 5.04E-11 <1.65E-11 <1.65E-11 <1.65E-11 1.68E-11
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Sample ID 070707S 070707T 0707160 070716P 070716Q 070716R 070716S 070707Y 
Slinky OF
Sample Name B4 PK MLS Src MLS OF 1 MLS OF 2 MLS OF 3 MLS OF 4 1
Field Measurements
Cond(pS) 3230 3112 4712 4185 3667 3520 3070 4168
Max Temp
C O 65.5 90.5 94.0 81.6 68.6 64.0 54.4 77.8
Analytes (mol/L)
NAO2 5.00E-05 7.06E-06 7.03E-06 6.25E-05 5.94E-05 1.22E-04 1.50E-04
NOT 1.71E-04 5.16E-05 6.93E-05 5.00E-05 5.32E-05 4.03E-05 3.71E-05 NA
NOT 2.20E-06 2.06E-06 2.46E-06 1.28E-06 1.67E-06 1.63E-06 1.78E-06 NA
N H / 1.67E-06 9.44E-06 < l.llE -0 6 < l.llE -06 < l.llE -0 6 < l.llE -0 6 < l.llE -06 NA
S'- 1.62E-05 8.17E-06 1.78E-06 9.67E-07 6.24E-08 6.24E-08 1.25E-07 NA
S102 4.09E-03 3.40E-03 4.20E-03 4.74E-03 5.11E-03 4.85E-03 4.64E-03 NA
CaCO, 1.82E-03 1.22E-03 2.64E-03 2.90E-03 3.12E-03 3.10E-03 2.70E-03 NA
Isotopes
5 " 0 NA NA NA NA NA NA NA NA
5 " 0  (SD) NA NA NA NA NA NA NA NA
SD NA NA NA NA NA NA NA NA
SD (SD) NA NA NA NA NA NA NA NA
IC Analytes (mol/kg)
F- 1.94E-03 1.42E-03 1.69E-03 1.74E-03 1.90E-03 1.28E-03 1.61E-03 1.91E-03
CF 8.83E-03 7.25E-03 8.41E-03 8.6 IE-O3 8.49E-03 7.37E-03 9.26E-03 8.52E-03
Br- 2.45E-05 1.77E-05 2.30E-05 1.84E-05 2.45E-05 1.55E-05 2.35E-05 1.92E-05
SO4'- 3.07E-04 3.41E-04 3.73E-04 3.71E-04 3.03E-04 3.24E-04 3.95E-04 4.29E-04
PO4'- <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 2.63E-05 9.69E-07 <4.74E-07 <4.74E-07
Li" 3.85E-04 2.93E-04 4.04E-04 4.21E-04 4.4 IE-04 3.69E-04 4.34E-04 4.55E-04
Na" 1.51E-02 1.21E-02 1.76E-02 1.82E-02 1.89E-02 1.51E-02 1.86E-02 1.76E-02
NH4" <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05
K" 2.4 IE-04 3.44E-04 3.01E-04 3.12E-04 3.36E-04 2.30E-04 3.28E-04 3.59E-04
Mg'" <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06
Ca'" <7.73E-06 6.08E-05 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06
ICP Analytes (mol/kg)
L17 4.12E-04 3.23E-04 4.57E-04 4.64E-04 4.62E-04 4.71E-04 4.74E-04 5.14E-04
Be9 1.55E-07 1.74E-07 1.13E-07 1.42E-07 1.43 E-07 1.49E-07 1.42E-07 1.64E-07
B ll 3.76E-04 3.31E-04 3.49E-04 3.64E-04 3.70E-04 3.70E-04 3.76E-04 3.73E-04
Mg24 1.78E-07 5.18E-06 2.67E-07 8.11E-08 2.76E-07 2.11E-07 5.39E-08 4.24E-07
A127 1.33E-05 1.73E-05 6.50E-06 6.30E-06 7.75E-06 7.26E-06 5.93E-06 7.29E-06
S128 3.33E-03 3.24E-03 4.27E-03 4.20E-03 4.20E-03 4.38E-03 4.31E-03 4.52E-03
P31 2.07E-07 4.49E-07 1.23E-06 1.18E-07 8.49E-06 2.17E-06 1.94E-07 1.55E-07
Se45 NA NA NA NA NA NA NA NA
T147 2.38E-09 3.20E-09 9.40E-09 5.10E-09 7.10E-09 6.47E-09 2.92E-09 4.18E-09
V51 8.24E-09 8.24E-09 3.61E-08 3.53E-08 3.67E-08 4.02E-08 3.44E-08 1.43E-08
Cr52 3.27E-09 1.56E-09 1.63E-09 1.08E-09 1.46E-09 7.69E-10 <3.43 E-10 4.62E-10
Mn55 2.42E-08 3.99E-07 1.06E-08 7.10E-09 1.66E-08 1.58E-08 7.37E-09 2.89E-08
Fe56 1.99E-07 1.80E-07 1.39E-07 8.70E-08 2.94E-07 2.15E-07 3.96E-08 2.47E-08
Co59 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 1.36E-10 1.36E-10 <1.26E-10 <1.26E-10
N160 1.36E-09 I.70E-09 5.79E-09 2.90E-09 8.52E-09 4.77E-09 9.71E-10 L50E-09
Cu63 1.94E-09 9.91E-10 3.07E-09 1.32E-09 4.56E-09 2.52E-09 8.50E-10 1.70E-09
Zn66 2.05E-08 8.41E-09 7.19E-08 2.00E-08 8.47E-08 2.75E-08 7.95E-09 1.68E-08






















Ge72 7.57E-07 6.54E-07 7.18E-07 7.20E-07 7.41 E-07 7.16E-07 7.35E-07 7.29E-07
As75 2.12E-05 1.48E-05 4.06E-05 4.31 E-05 4.40E-05 3.92E-05 3.90E-05 2.30E-05
Se77 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09
Rb86 1.26E-06 1.35E-06 1.43E-06 1.45E-06 1.31 E-06 1.32E-06 1.36E-06 1.73E-06
Sr88 3.80E-08 l.OOE-07 7.42E-08 7.60E-08 8.56E-08 8.10E-08 8.11E-08 5.17E-08
Y89 l.OlE-10 9.79E-10 1.69E-10 <2.44E-11 2.25E-10 1.80E-10 <2.44E-11 <2.44E-11
Nb93 <5,47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11
Mo95 4.90E-07 3.71E-07 3.10E-07 3.11E-07 3.15E-07 3.03 E-07 3.10E-07 3.07E-07
Agi 09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll 1.87E-10 1.33E-10 2.67E-10 2.49E-10 2.49E-10 2.14E-10 <5.28E-11 2.49E-10
S n ll8 2.78E-10 2.02E-10 5.05E-10 3.37E-10 4.72E-10 4.04E-10 3.29E-10 4.04E-10
Sbl23 6.22E-07 3.73E-07 6.64E-07 6.82E-07 7.18E-07 7.03E-07 6.81 E-07 5.72E-07
Csl33 2.08E-06 1.92E-06 1.52E-06 1.51 E-06 1.55E-06 1.52E-06 1.57E-06 1.54E-06
Bal38 3.76E-09 1.64E-07 7.50E-09 5.46E-09 7.35E-09 5.97E-09 5.02E-09 7.28E-09
Lal39 <5.52E-11 2.84E-10 <5.52E-11 <5.52E-11 2.62E-10 <5.52E-11 <5.52E-11 <5.52E-11
Prl41 <2.48E-11 1.06E-10 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11
Ndl46 <3.43 E-11 3.74E-10 <3.43 E-11 <3.43E-11 L94E-10 1.39E-10 <3.43E-11 <3.43E-11
Sml47 <2.9 IE -11 1.20E-10 <2.91E-11 <2.9 IE-11 <2.91E-11 <2.91E-11 <2.91E-11 <2.9 IE -11
Eu 153 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11
Gdl57 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 5.09E-11 <4.73E-11 <4.73E-11 <4.73E-11
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11
Hfl78 <1.95E-11 <1.95E-11 5.04E-10 1.57E-10 1.12E-10 <1.95E-11 <1.95E-11 1.57E-10
Tal81 3.32E-10 1.66E-10 1.44E-09 8.62E-10 5.31E-10 3.54E-10 1.82E-10 9.51E-10
W182 2.49E-06 2.07E-06 2.84E-06 2.94E-06 2.99E-06 2.95E-06 2.96E-06 2.57E-06
T1205 1.76E-10 <1.87E-11 6.61E-10 8.42E-10 9.00E-10 8.81E-10 9.39E-10 1.08E-09
Pb208 8.69E-11 <2.69E-11 3.38E-10 1.54E-10 1.18E-09 3.28E-10 8.69E-11 <2.69E-11
B1209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 8.62E-10 <1.82E-11 <1.82E-11 <1.82E-11






















Cond (pS) 3850 2528 3383 3382 3114 2759 2612 2388
Max Temp
(°C) 67.6 73.3 78.0 90.7 80.9 70.0 65.0 54.8
Analytes (mol/L)
O; NA 6.25E-05 NA 5.00E-05 2.19E-05 6.56E-05 3.63E-04 7.81 E-05
NOT NA 4.03E-05 4.35E-05 3.23E-05 2.42E-05 6.29E-05 1.19E-04 3.55E-05
NOT NA 1.41 E-06 1.76E-06 1 46E-06 2.39E-06 8.69E-07 2.39E-06 1.02E-06
NHT NA < l.llE -0 6 <1.11 E-06 NA NA NA NA NA
S'- NA 2.49E-06 NA 1.50E-06 <1.56E-07 3.12E-07 3.43E-07 2.49E-07
SiO; NA 3.81E-03 3.66E-03 4.61E-03 4.80E-03 5.03E-03 5.47E-03 5.10E-03
CaCO] NA 3.00E-04 4.00E-04 2.19E-03 2.22E-03 2.26E-03 2.39E-03 2.43E-03
Isotopes
5‘*0 NA NA NA NA NA NA NA NA
5 " 0  (SD) NA NA NA NA NA NA NA NA
8D NA NA NA NA NA NA NA NA
8D (SD) NA NA NA NA NA NA NA NA
IC Analytes (mol/kg)
F- 1.89E-03 9.14E-04 7.63E-04 9.55E-04 1.20E-03 1.20E-03 1.19E-03 I.17E-03
cr 8.62E-03 8.50E-03 8.82E-03 5.69E-03 6.92E-03 7.29E-03 7.48E-03 7.13E-03
Br- 2.43E-05 1.89E-05 2.25E-05 NA 1.69E-05 1.58E-05 1.69E-05 1.76E-05
SO4'- 4.47E-04 4.53E-04 2.03E-04 2.51E-04 2.80E-04 3.02E-04 2.97E-04 2.80E-04
PO4'- 1.54E-04 1.07E-05 1.04E-05 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07 <4.74E-07
Li" 4.56E-04 1.76E-04 2.42E-04 4.75E-04 4.91E-04 5.00E-04 5.04E-04 5.17E-04
Na" 1.78E-02 1.05E-02 1.30E-02 1.37E-02 1.40E-02 1.41E-02 1.42E-02 1.45E-02
NH4" <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05 <2.33E-05
K" 3.65E-04 1.89E-04 2.70E-04 3.81E-04 3.90E-04 3.95E-04 4.00E-04 4.17E-04
Mg'" <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06 <6.99E-06
Ca'" <7.73E-06 1.03E-04 9.66E-05 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06 <7.73E-06
ICP Analytes (mol/kg)
L17 5.06E-04 1.94E-04 2.77E-04 5.22E-04 5.23E-04 5.39E-04 5.56E-04 5.59E-04
Be9 1.58E-07 1.20E-07 7.99E-08 2.06E-07 2.50E-07 2.59E-07 2.61E-07 2.60E-07
B ll 3.69E-04 3.15E-04 4.12E-04 2.45E-04 2.47E-04 2.52E-04 2.59E-04 2.61E-04
Mg24 4.53E-07 1.07E-06 2.88E-06 1.69E-07 9.42E-08 7.49E-08 1.07E-07 8.63E-08
A127 7.41 E-06 2.92E-06 4.37E-06 9.56E-06 9.82E-06 9.71 E-06 9.60E-06 1.02E-05
Si28 4.59E-03 3.56E-03 3.51E-03 4.20E-03 4.06E-03 4.20E-03 4.29E-03 4.31E-03
P31 2.55E-07 6.39E-07 4.26E-07 3.07E-07 3.00E-07 1.18E-07 1.13E-07 2.26E-07
Sc45 NA NA NA NA NA NA NA NA
T147 2.01 E-09 3.13E-09 2.09E-09 2.72E-09 2.51 E-09 2.51 E-09 <1.30E-09 <1.30E-09
V51 1.28E-08 1.22E-08 1.88E-08 1.06E-08 5.48E-09 8.83E-09 4.32E-09 4.32E-09
Cr52 <3.43E-10 <3.43E-10 3.12E-09 1.27E-09 <3.43E-10 8.08E-10 <3.43E-10 <3.43 E-10
Mn55 2.55E-08 2.60E-07 2.32E-07 4.19E-08 5.04E-08 5.15E-08 5.55E-08 5.64E-08
Fe56 3.46E-08 6.84E-08 3.99E-07 1.23E-07 1.93E-08 5.91E-08 2.63E-08 1.90E-08
Co59 <1.26E-10 1.32E-09 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10 <1.26E-10
N160 1.87E-09 9.88E-09 2.66E-09 4.26E-09 8.69E-10 1.48E-09 5.1 IE-10 1.26E-09
Cu63 2.68E-09 8.03E-09 1.79E-09 2.50E-09 1.26E-09 1.23E-09 8.03E-10 1.32E-09
Zn66 1.67E-08 5.66E-08 2.39E-08 8.11E-08 7.65E-08 2.62E-08 2.88E-08 3.32E-08






















Ge72 7.30E-07 6.07E-07 8.28E-07 5.56E-07 5.62E-07 5.52E-07 5.65E-07 5.50E-07
As75 3.00E-05 1.05E-05 1.49E-05 1.78E-05 1.75E-05 1.90E-05 1.91E-05 1.86E-05
Se77 <3,46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09 <3.46E-09
Rb86 1.70E-06 8.35E-07 1.20E-06 1.16E-06 1.18E-06 1.04E-06 1.09E-06 l.lOE-06
Sr88 5.26E-08 5.80E-08 9.21E-08 4.14E-09 4.31 E-09 3.88E-09 4.34E-09 4.45E-09
Y89 <2,44E-11 <2.44E-11 1.38E-09 <2.44E-11 <2.44E-11 <2.44E-11 <2.44E-11 <2.44E-11
Nb93 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11 <5.47E-11
Mo95 3.05E-07 1.09E-06 1.49E-06 2.53E-07 2.53E-07 2.52E-07 2.54E-07 2.55E-07
Agi 09 <4,26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll <5.28E-11 1.20E-09 6.41E-10 1.60E-10 <5.28E-11 <5.28E-11 1.07E-10 <5.28E-11
S n ll8 3.71E-10 <2.08E-11 2.02E-10 2.78E-10 1.77E-10 2.53E-10 1.77E-10 2.86E-10
Sbl23 5.86E-07 6.79E-07 7.52E-07 6.31 E-07 6.46E-07 6.39E-07 6.50E-07 6.19E-07
Csl33 1.53E-06 1.77E-06 2.42E-06 1.50E-06 1.53E-06 1.53E-06 1.53E-06 1.54E-06
Bal38 4.28E-09 2.61E-08 2.96E-08 2.58E-09 2.99E-09 2.80E-09 2.80E-09 3.03E-09
LaI39 <5.52E-11 <5.52E-11 3.06E-10 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11 <5.52E-11
Prl41 <2.48E-11 <2.48E-11 1.28E-10 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11 <2.48E-11
Ndl46 <3.43E-11 <3.43E-11 5.20E-10 <3.43E-11 <3.43E-11 <3.43E-11 <3.43E-11 <3.43E-11
Sml47 <2.9 IE -11 <2.9 IE -11 2.00E-10 <2.91E-11 <2.91E-11 <2.9 IE -11 <2.91E-11 <2.9 IE -11
Eu 153 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11 <2.78E-11
Gdl57 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-11 <3.86E-11 1.48E-10 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.35E-11 8.97E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11 <2.35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11
Hfl78 8.96E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11 1.46E-10
Tal81 6.41E-10 1.43E-09 2.49E-10 2.65E-10 1.33E-10 1.33E-10 1.33E-10 1.32E-09
W182 2.56E-06 2.12E-06 2.68E-06 1.51 E-06 1.47E-06 1.55E-06 1.57E-06 1.62E-06
T1205 1.06E-09 1.56E-09 7.19E-10 1.61 E-09 1.64E-09 1.66E-09 1.63 E-09 1.75E-09
Pb208 2.12E-10 5.50E-10 1.74E-10 1.45E-10 <2.69E-11 <2.69E-11 <2.69E-11 <2.69E-11
B1209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11 <1.82E-11
U238 6.72E-11 <1.65E-11 1.64E-10 6.30E-11 6.30E-11 6.30E-11 6.30E-11 5.88E-11
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Sample ID 070706F 070706G 070712T 070712V 070712X
Sample Name SK Sre SK OF RR GSP KlenchI
Field Measurements
Cond(pS) 3765 3176 3673 3107 1264
Max Temp
m 87.9 77.1 77.3 75.6 94.3
Analytes (mol/L)
O2 NA NA NA NA NA
NOT NA NA 6.13E-05 2.39E-04 1.33E-03
NOT NA NA 8.69E-07 1.52E-07 7.17E-07
N H / NA NA 2.33E-03 9.11E-04 1.05E-04
S'- NA NA 3.35E-05 1.33E-05 4.34E-04
SiOz NA NA 2.40E-03 3.01E-03 5.27E-03
CaCOj NA NA 2.70E-04 1.04E-03 l.llE -03
Isotopes
5 " 0 NA NA NA NA NA
5 " 0  (SD) NA NA NA NA NA
5D NA NA NA NA NA
5D (SD) NA NA NA NA NA
1C Analytes (mol/kg)
F- 1.33E-03 1.37E-03 2.56E-04 2.25E-04 2.38E-04
CF 6.86E-03 7.22E-03 6.47E-03 6.59E-03 6.45E-03
Br 4.93E-05 1.88E-05 1.72E-05 1.60E-05 <4.51E-07
SO4'- 2.66E-04 2.76E-04 5.90E-03 1.60E-03 1.68E-03
PO4’- 5.87E-05 <4.74E-07 NA <4.74E-07 <4.74E-07
Li" 5.08E-04 5.19E-04 2.56E-04 3.08E-04 3.00E-04
Na" 1.37E-02 1.39E-02 8.72E-03 9.18E-03 8.91E-03
NH4" <2.33E-05 <2.33E-05 2.87E-03 1.06E-03 1.17E-03
K" 4.00E-04 4.10E-04 2.29E-03 2.49E-03 2.44E-03
Mg'" <6.99E-06 <6.99E-06 2.31E-04 <6.99E-06 1.77E-05
Ca'" <7.73E-06 <7.73E-06 2.89E-03 2.56E-04 2.32E-04
ICP Analytes (mol/kg)
L17 5.46E-04 5.46E-04 2.94E-04 3.39E-04 3.49E-04
Be9 9.10E-08 1.72E-07 1.86E-08 3.00E-09 1.78E-09
B ll 2.52E-04 2.52E-04 3.07E-03 3.19E-03 3.55E-03
Mg24 3.46E-07 2.30E-07 2.25E-04 2.47E-05 3.73E-05
A127 9.82E-06 1.06E-05 6.97E-06 2.15E-06 1.04E-06
S128 4.02E-03 4.13E-03 2.43E-03 2.62E-03 2.66E-03
P31 2.62E-07 3.65E-07 7.68E-07 l.OOE-07 1.18E-07
Se45 NA NA NA NA NA
T147 9.61 E-09 3.13E-09 4.18E-08 4.59E-09 5.64E-09
V51 l.OOE-08 9.36E-09 1.83E-08 4.00E-09 5.69E-09
Cr52 9.23E-10 1.56E-09 3.54E-09 2.19E-09 1.73E-09
Mn55 3.35E-09 1.37E-08 3.40E-07 2.66E-08 1.07E-08
Fe56 5.77E-08 2.08E-07 5.89E-06 4.19E-07 7.11 E-07
Co59 <1.26E-10 <1.26E-10 6.11E-10 <1.26E-10 <1.26E-10
N160 2.39E-09 1.58E-09 4.09E-09 1.53E-09 1.53E-09
Cu63 3.15E-09 2.83E-09 7.43E-09 3.62E-09 1.72E-09
Zn66 1.50E-08 3.41E-08 1.39E-08 1.41E-08 1.97E-08
Ga69 1.53E-07 1.62E-07 4.02E-09 9.04E-10 3.59E-10
78
Sample ID 070706F 










Ge72 5.87E-07 5.76E-07 3.53E-07 3.3 IE-07 3.15E-07
As75 1.84E-05 2.03E-05 1.55E-05 1.63E-05 1.62E-05
Se77 <3.46E-09 <3.46E-09 <3.46E-09 7.22E-08 <3.46E-09
Rb86 1.20E-06 1.17E-06 3.29E-06 3.51 E-06 3.80E-06
Sr88 6.28E-09 6.23E-09 2.08E-05 9.82E-06 1.37E-05
Y89 <2.44E-11 <2.44E-11 <2.44E-11 2.70E-10 2.14E-10
Nb93 3.01E-10 2.91E-10 <5.47E-11 <5.47E-11 <5.47E-11
Mo95 2.58E-07 2.57E-07 6.25E-09 2.19E-09 5.94E-10
Agi 09 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11 <4.26E-11
C d lll <5.28E-11 <5.28E-11 <5.28E-11 <5.28E-11 <5.28E-11
SnllS 3.03E-10 2.78E-10 2.36E-10 1.77E-10 <2.08E-11
Sbl23 6.62E-07 6.34E-07 9.53E-08 2.78E-07 1.93E-07
Csl33 1.41 E-06 1.39E-06 l.llE -06 1.20E-06 1.35E-06
Bal38 3.79E-09 3.52E-09 8.45E-07 l.OlE-06 1.41 E-06
Lal39 5.83E-11 <5.52E-11 5.83E-10 <5.52E-11 2.11E-10
Prl41 <2.48E-11 <2.48E-11 1.14E-10 <2.48E-11 <2.48E-11
Ndl46 <3.43E-11 <3.43E-11 3.61E-10 <3.43E-11 1.46E-10
Sml47 <2.91 E-11 <2.91 E-11 <2.9 IE -11 <2.9 IE -11 <2.91E-11
Eu 153 <2.78E-11 <2.78E-11 <2.78E-11 9.87E-11 <2.78E-11
Gdl57 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11 <4.73E-11
Tbl59 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11 <2.24E-11
Dyl63 <3.86E-I1 <3.86E-11 <3.86E-11 <3.86E-11 <3.86E-11
Erl 66 <2.35E-11 <2.3 5 E-11 <2.35E-11 <2.35E-11 <2.35E-11
Tml69 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11 <1.77E-11
Ybl72 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11 <3.47E-11
HD 78 1.12E-10 <1.95E-11 <1.95E-11 <1.95E-11 <1.95E-11
Tal81 3.98E-10 1.66E-10 <2.39E-11 <2.39E-11 <2.39E-11
W182 1.50E-06 1.54E-06 9.68E-08 1.45E-07 1.34E-07
T1205 1.76E-09 1.88E-09 <1.87E-11 5.14E-10 7.00E-10
Pb208 <2.69E-11 2.03E-10 3.86E-10 1.16E-10 <2.69E-11
B1209 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11 <1.47E-11
Th232 8.62E-11 <1.82E-11 8.62E-11 <1.82E-11 <1.82E-11
U238 l.OlE-10 1.13E-10 <1.65E-11 <1.65E-11 <1.65E-11
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